Particle Parameter and Internal Conversion Coefficient Measurements on Gadolinium-154. by Blanchard, Whitney J., Jr
Louisiana State University
LSU Digital Commons
LSU Historical Dissertations and Theses Graduate School
1971
Particle Parameter and Internal Conversion
Coefficient Measurements on Gadolinium-154.
Whitney J. Blanchard Jr
Louisiana State University and Agricultural & Mechanical College
Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_disstheses
This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in
LSU Historical Dissertations and Theses by an authorized administrator of LSU Digital Commons. For more information, please contact
gradetd@lsu.edu.
Recommended Citation
Blanchard, Whitney J. Jr, "Particle Parameter and Internal Conversion Coefficient Measurements on Gadolinium-154." (1971). LSU
Historical Dissertations and Theses. 2026.
https://digitalcommons.lsu.edu/gradschool_disstheses/2026
72-3462
BLANCHARD, Jr., Whitney J., 1942-
PARTICLE PARAMETER AND INTERNAL CONVERSION
COEFFICIENT MEASUREMENTS ON 154Gd,
The Louisiana State University and Agricultural 
and Mechanical College, Ph.D., 1971 
Physics , nuclear
University Microfilms, A XEROX Company , Ann Arbor, M ichigan
THIS DISSERTATION HAS BEEN MICROTILMLD EXACTLY AS RECEIVED
PARTICLE PARAMETER AND INTERNAL CONVERSION
154COEFFICIENT MEASUREMENTS ON Gd
A Dissertation
Submitted to the Graduate Faculty of the 
Louisiana State University and 
Agricultural and Mechanical College 
in partial fulfillment of the 
requirements for the degree of 
Doctor of Philosophy
in
The Department of Physics and Astronomy
by
Whitney J. Blanchard, Jr.
.S., University of Southwestern Louisiana, 1964 
M.S., Louisiana State University, 1969 
August, 1971
PLEASE NOTE:
Some Pages have i n d i s t i n c t  
p r i n t .  F i l m e d  as r e c e i v e d .
UNIVERSITY MICROFILMS
ACKNOWLEDGEMENTS
The author wishes to express his appreciation to the many individ­
uals who contributed to the completion of this thesis. In particular, 
Dr. E. F. Zganjar is thanked for his skillful direction throughout 
the various phases of the work. Dr. J. H. Hamilton is thanked for 
the loan of the source used in these measurements. Special thanks are 
extended to Mr. Heinz Eichenseer and Mr. Ed Keel who contributed their 
skill and experience in assisting in the design and construction of 
the directional correlation spectrometer. Their many helpful suggest 
ions and efforts are greatly appreciated. Mr. LeBiie Edelen is 
thanked for his many suggestions and assistance in maintaining the 
electronic equipment used In this work. Mr. Michael Svoren is 
thanked for instructing the author in the operation and execution of 
the GAUSS computer program. Dr. Dilip Sen is thanked for his contri­
butions to the completion of this work. Miss Peggy Landry typed the 
manuscript and was most helpful in construction of the thesis. Mrs. 
Jane Apple is thanked for proofreading the manuscript and for her 
helpful suggestions. I thank my wife, Deanna, for her patience and 
encouragement during the last phases of this work.
Financial assistance from the Department of Physics and Astronomy 
in the form of a research asslstantship and from the N.D.E.A. program 
in the form of a three year fellowship are gratefully acknowledged. 
Grateful acknowledgement is also due to the "Dr. Charles E. Coates 
Memorial Fund of the L.S.U. Foundation donated by George H. Coates" 
for the partial assistance In defraying the cost of the preparation 
of this thesis.
TABLE OF CONTENTS
\
Page
ACKNOWLEDGEMENTS ii
LIST OF TABLES vi
LIST OF FIGURES vii
CHAPTER
I. INTRODUCTION 1
II. THEORETICAL ASPECTS
A. Theoretical Aspects of Angular Correlations 4
1. Introduction 4
2. Perturbations 6
3. Illustration of correlation process 7
4. Early calculations 9
5. Results of Biedenham and Rose 11
a. gamma-gamma correlation 15
b. particle parameters 16
c. conversion electron-gamma correlation 17
B. Internal Conversion 18
1. Introduction 18
2. Theoretical considerations 20
III. INSTRUMENTATION AND EXPERIMENTAL PROCEDURE 26
A. Introduction 26
B. Instrumentation 27
ill
1. The directional correlation spectrometer
2. The allicon lithium-drifted detector
a. charge fluctuation
b. preampllfier-amplifier noise
c. pulse height analysis
3. Time spectrometry
4. The dual-parameter analyzer system
C. Experimental Procedure
1. Source preparation
2. Initial adjustments
a. source strength, resolving time
b. centering
c. delay curve
d. energy gates
e. singles sample time
3. Data accumulation and storage
IV. THE 123 keV PARTICLE PARAMETER MEASUREMENTS AND 
ANALYSIS ON 154Cd
A. Introduction
B. The 123 keV Particle Parameter Measurements
1.54. 
on Gd
C. Analysis of Data
V. INTERNAL CONVERSION COEFFICIENT MEASUREMENTS
OH 1540d
iv
Page
27
30
33
34 
38 
41 
44 
52 
52 
54
54
55 
55 
59 
61 
61
63
63
66
71
79
Page
A. Introduction 79
B. Measurements 79
C. Analysis of Data 80
VI. RESULTS 92
A. Particle Parameter Measurements 92
B. Internal Conversion Coefficient Measurements 96
VII. CONCLUSIONS 100
REFERENCES 107
APPENDIX 112
VITA 122
v
LIST OF TABLES
TABLE Page
2.1 a^ for both transitions dipole 10
3.1 Possible detector configurations for directional
correlation experiments 29
4.1 Solid angle correction factors for the Si(Li)
and Nal(Tje) detectors 64
4.2 Daily history of measurements 70
6.1 Results of the particle parameter measurements on
154
the 123 keV transition in Gd 93
6.2 Ratios of the K-, L-, and M-shell conversion electron
particle parameters of the 123 keV transition in 
154
™ G d  94
6.3 Gamma-gamma attenuation coefficients for different
source configurations 95
6.4 Electron energies, relative intensities, and gamma
intensities and internal conversion coefficients
154for prominent transitions in Gd 97
6.5 Theoretical values for or^  and or^  for prominent
154transitions in Gd 98
154
6.6 Comparison of electron intensities for Gd 99
7.1 Summary of the K-conversion electron particle
parameter measurements on the 123 keV transition 
In 154Gd 102
vi
LIST OF FIGURES
FIGURE Page
2.1 Angular correlation cascade 7
3.1 The directional correlation spectrometer 28
3.2 P-I-N detector with inverted T configuration 32
3.3 Schematic diagram of preamplifier (Smith and Cline) 32
3.4 Circuit for measuring detector leakage current 37
3.3 Detector leakage current versus applied voltage 37
3.6 Block diagram of a single parameter nuclear
detection system 39
3.7 Illustration of analog and digital signals 39
3.8 Illustration of Leading edge and Crossover timing 43
3.9 Inaccuracies inherent in the two timing modes 43
3.10 Block diagram of fast time spectrometer-dual
parameter analyzer system 43
3.11 Block diagram of MPA analysis of data under
computer control 49
3.12 Flow diagram for DIGITAL GATES program 51
3.13 Isometric display of data 53
3.14 Delay curve 57
1543.15 Gamma-ray singles spectrum of Eu in energy
region 0.5 - 1.5 MeV showing energy gates used in 
directional correlation experiments 60
vii
4.1 (a)
4.1 (b)
4.1 (c)
5.1 (a)
5.1 (b)
5.2
5.3 (a)
5.3 (b)
5.3 (c)
5.4 
7.1
Coincidence data on the 1274y - 123K at 180,
135, and 90 degrees
Coincidence data on the 1274y - 123L at 180,
135, and 90 degrees
Coincidence data on the 1274y - 123M at 180,
135, and 90 degrees 
154The Eu electron spectrum from 0 to 500 keV
154The Eu electron spectrum from 500 to 1500 keV
2
Relative efficiency curve for 80 mm x 2 ram
Si(Li) detector 
154The Eu gamma-ray spectrum for energy range
0 - 500 keV 
154The Eu gamma-ray spectrum for energy range
500 keV - 1000 keV
154The Eu gamma-ray spectrum for energy range
1000 keV - 1500 keV
154The decay scheme of Eu
Normalized particle parameter measurements versus 
the corresponding G22(1274y - 123y)
Page
73
74
75 
81
82
86
88
89
90
91
104
viii
ABSTRACT
The K- , L-, and M-shell particle parameters of the 123 keV
154transition In Gd were carefully measured under five controlled 
experimental conditions in order to deduce the possible extra- 
nuclear effects which could alter the conversion electron-gamna 
and gamma-gamna directional correlations. The data analysis 
was done with a dual parameter analyzer system which was inter­
faced to a PDP-8 /L computer. The computer was used to set all 
energy gates, analyze and store data*and compute the anisotropy 
and uncorrected directional correlation coefficents without 
further data output.
A directional correlation spectrometer,employing special 
design features for performing both types of correlations without 
disturbing the source*was used in the measurements. The entire 
system is capable of rapid data acquisition and analysis. A 
total of nine directional correlation measurements was performed 
in a period of two months.
The results show that the correlations are sensitive to the 
preparation, chemical composition, and physical environment of the 
source and that when careful experimental procedures are employed, 
the K-, L-, and M-shell particle parameters are found to be normal.
The internal conversion coefficients of the prominent 
154transition in Gd were measured and compared with theory. The 
agreement was found to be excellent. Two strong transitions, 
at 483.9 and 630.3 keV, were observed for which corresponding
ix
gamma-rays at 534.9 and 680.6 could not be Identified. 
They were assigned as E0 In character.
CHAPTER I
INTRODUCTION
Reports of systematic anomalies in the internal conversion 
process have generally been associated with effects relating to 
nuclear deformation. The independent data in these cases has, 
however, often been mutually inconsistent., For example, of six
measurements of the pure E2 123 keV K-shell particle parameter
154 1 2  3
in Gd reported between 1965 and 1969, three * * are mutually
consistent but lower than theory by about 257., whereas the
others^'^ ^  agree with theory. One study** has shown that an
anomalous particle parameter will result if one does not measure
154the y-y correlation in a vacuum when the Eu activity is in
1 3chloride form. However, two * of the anomalous values were
6 7obtained with sources in the oxide form, and it was later shown *
that the y-y correlation is unaffected by vacuum in those cases.
Additional points of confusion are realized when one attempts to
correlate the individual G 22A2 2 W “e) aiw* G22A 2 2 (Y“Y) results of
different authors in order to deduce possible sources of
1 3experimental error. In addition, the cases ’ reporting
anomalous K and 1,-shell particle parameters find, however, that
K L
the particle parameter ratio b 2 /b^ is normal.
Since it is imperative to clearly distinguish between 
nuclear and extra-nuclear effects, and to delineate the extra- 
nuclear effects, it was decided to reinvestigate the particle
1
2154parameters of the 123 keV transition In Gd with an oxide 
source. In order to eliminate any possible uncertainty in regard 
to the chemical form of the source, the same source used by 
refs. 1 and 7 was employed.
Chapter II contains an Introduction to the theoretical 
aspects of angular correlation and internal conversion theory.
Some essential background material is presented to assist in 
understanding the internal conversion process.
Chapter III contains a description of the correlation 
apparatus which Incorporates special design features to allow 
both the conversion-electron and gamma-gaama correlation to be 
performed with the source in the same physical environment. A 
dual parameter system (Nuclear Data 50/50) used in the acquisition 
and analysis of the data is described. This is the first such 
system employed in particle parameter measurements. The procedure 
for setting up the series of experiments is also presented in 
this chapter.
Chapter IV describes the series of measurements performed on
154
the 123 keV transition in Gd. A complete description of the 
various source configurations used in performing the measurements 
is also presented. The analysis of the correlation data to 
determine the correlation coefficients, from which the particle 
parameters are calculated, is described.
Although the main emphasis of this work is on the 123 keV
J ^/g.
particle parameter measurements in Gd, we also measured the 
internal conversion coefficients of the prominent transitions in
3this Isotope. Chapter V contains a description of the energy and
Intensity measurements and data analysis done on the electron
154
spectrum of the decay of Eu* The K-, L-, and M-shell interval 
coefficients of 15 transitions are measured.
In Chapter VI and VII the results and conclusions of this 
work are presented and discussed.
CHAPTER II
THEORETICAL ASPECTS
A. Theoretical Aspects of Angular Correlations
1. Introduction
In this chapter we shall investigate some of the theoretical
aspects of angular correlation theory. Much of the material is
8 9presented as an Introduction to the aspects of the theory * 
which are pertinent to subsequent chapters.
The simplest type of correlation process consists of the 
measurement of the coincidence rate of two successive nuclear 
radiations as a function of the angle between the propagation 
direction of these emitted radiations. Figure 2.1 depicts a 
typical cascade which defines the relationship between the 
initial, intermediate and final states involved in successive 
nuclear de-excitations. R^ and denote the particles emitted 
from the first and second radiations, for example, or, 0 * , jS ,
Y, and e . and characterize the particles. In the case 
of gamma-rays and 1 ,2 ^ 2  are the multipole order and type.
The basic problem of angular correlation theory can be stated 
as follows: a nucleus in an excited state partly characterized
by angular momentum 1 ^ and parity decays by the emission of 
particle R^ *-n direction to an Intermediate level (I,ff)
and from there undergoes a second decay process emitting R^ in 
direction k^* and finally attaining the state I^ffj. The 
problem is to find the relative probability, W (6 )d Q, that
4
5the radiation R2 is emitted at an angle 6 with respect to the 
direction of radiation Into the solid angle d u  .
One approach to the solution of this problem consists of 
expressing the correlation function W(6 ) in terms of density 
matrices m^) and
W(0) = S E  E ^ ^ n y n ^ )  G O n ^ :  nyn£) E^2\m^njg) (2.1)
where the E is over m^, m^, m^, and m^. The symbol S expresses 
an averaging over the unobserved properties of the radiations 
(particles or electromagnetic radiation).
E (1>C-a-;) = S 1 E  (2.2)
mi
(2)and E Is defined in a similar manner. is the interaction
hamiltonian for the emission of a particle In the transition
from the initial to the intermediate state; H2 describes the
interaction from the intermediate to the final state. Section 5
part A of this chapter contains the form of the expressions for
H, and H~. The E(mm’) matrices link the initial and the 
1 * rad.(1) rad.(2 )
Intermediate states with the final state 1^------ > I - ■ * 1^.
The matrix elements ^ ams lH |I^m^) are interpreted as the
probability amplitudes for the various possible transitions
between the degenerate sublevels.
62. Perturbations
The matrix elements G(nwn^;m^n^) describe the possible 
interaction of the nucleus in its intermediate state with extra- 
nuclear fields. Two possible interactions include the nuclear 
magnetic moment interacting with an external magnetic field, and 
the electric quadrupole moment interacting with external electric 
field gradients. In both cases the interaction results in a 
precession of the nucleus about the external field. If the 
coupling is sufficiently strong*the nuclei can change their 
orientation leading in a smeared-out directional correlation.
The smearing out of the directional correlation,due to extra­
mie 1 ear interactions in the intermediate state,is referred 
to as an attenuation of the correlation,and the "attenuation
46factor" plays an important role in perturbed angular correlations. 
The perturbation depends on the magnitude of the interaction and 
on the length of time it can act (the mean life t of the 
intermediate level). For magnetic Interactions, the precessional 
frequency,as characterized by to, is proportional to ji and B.
For the electric quadrupole case, 60 is proportional to Q 
(electric quadrupole moment). The angular correlation of a 
cascade is said to be perturbed if the following crude criterion 
holds;
60 t > 1 (2.3)
The precession frequency for a large number of solids and liquids
7has been measured by microwave and nuclear resonance 
37
techniques. For the quadrupole Interaction, values of to/ 2rr
as large as 3,000 Megahertz have been found. With a processional
frequency of this magnitude, the mean life of the intermediate
1 0state must be of the order of 1 0 ”i,c seconds or less for the 
magnetic quadrupole interaction not to influence the correlation 
significantly.
3. Illustration of the Correlation Process
Before proceeding to set down some of the elements of 
angular correlation theory, it would be instructive at this 
point to present a simple example of the correlation mechanism. 
Consider the cascade illustrated in figure 2.1 with =
(0,even), (I,ff) *= (l,odd) and “ (0,even). Furthermore,
the mode of de-excitation is by gamma emission hence, R^ = 
and = Yj- We are 110 c measuring the polarization of either 
gamma-ray therefore cr^  and are ignorable. From angular 
momentum selection rules, the only possible values that the
*H^l icti >
------------------ — A____________
R2(L2°2)
I.flT
If ,fff
Fig. 2.1. Angular correlation cascade I^(Rj)I(R2 >If.
8successive gamma-rays can carry off are ■ |1  ^ - l| - 1 and
Lj “ |lj - l| “ 1. A parley change accompanies each transition
so the multipolarity of each gamna-ray Is El (electric dipole).
>1
In the transition I. —  ■■ >1, the three projections m * +1, 0, -1
are equally probable. But a transition 1^ I with Am = 0
V2
must be followed by a transition Am * 0 in I —  ■ — > If, and likewise
V t
it follows that Am ■ ±1 for I. 1 I must be followed by 
Y2
Am = T1 for I  This follows from the selections rule
for multlpole transitions between quantum states. For pure
multipole of order (L m) the angular distributions11 JL (Qtp) InLm
this instance are;
xi0o* “ c sln2<0>
(2.4)
r(ftP) _  n  I  r t I 1
X 1 ±1 * 0 / 2 I-1 + COS (0)J
Here C is a constant independent of angles. The distributions 
are measured in the cp * 0 plane. It follows from equation 2.4 
that the first quantum is distributed equally over all 
directions. The choice of the z direction of the coordinate 
system is arbitrary. It determines a polar coordinate system 
and defines the substates m - 1,0,-1 of the intermediate state I. 
Without loss in generality we choose the z direction parallel 
with the direction of the first radiation quantum. Then the 
first transition cannot lead to the state I with magnetic quantum 
number m - 0 since a dipole emission with m - 0 does not give
9rise to any radiation In the z direction (a dipole does not
radiate in the direction of its own axis). If the first transition
Y 1
I —^  ■ » I is of the type Am * + 1 or -1 ; the second transition 
must be of the type Am * -1 or +1, respectively. Either of 
these cases gives rise to the second distribution of equation 
2.4. Hence the direction of the second radiation is not 
arbitrary but is distributed statistically according to
W(0) dfl = C 1 (1 + cos20) d 0 . (2.5)
The detection of the first radiation singles out in space a 
coordinate system in which the magnetic sublevels of the inter­
mediate state are unequally populated. The observation of the 
second radiation then shows an anisotropic distribution.
Equation 2.5 represents the geometry of this anisotropic distri­
bution,
4. Early Calculations
D. R. Hamilton*** calculated the correlation between the 
emission of two successive gamma quanta each having definite 
values of angular momentum L^, s 2. Using equations 2.1 and
2.2 and carrying out the necessary summations, he showed that for 
radiations no higher than quadrupole in character, the correlation 
function has the form***
2 4
W(0) - 1 + ajcoa 0 + a2cos 0 (2.6)
10
Explicit expressions were calculated for the correlation 
coefficients and a^» Table I lists some results of his 
calculations.
= (I - I J
Table I. a. for both transitions dipole:
ai2 “ |I - I£ l
+1AI -1
AI
- -U2I - D ___
(26I2 + 671 + 40)
-C2I - 1) 
(141 + 13)
(21 - 1)(21 + 13) 
(12I2 + 121 + 1)
-(21 + 3) 
(141 + 1)
(I + 1) (21 + 3) 
(26I2 - 151 - 1)
+1
Some restrictions contained in the correlation function as 
presented in equation 2.6 are enumerated below:
1. The intermediate state is not perturbed by external 
fields. For intermediate states with long lifetimes this 
assumes the magnetic dipole and electric quadrupole inter­
actions are negligible.
2. The radiations and “ y^ are assumed to be
pure multipoles. The existence of mixed multipole radiations 
resulting from a single nuclear de-excitation transition
is well established,and any comprehensive theory must
11
consider this as well as particle emission in the form of 
conversion electrons or alpha particles.
The next improvement was made by Gardner*-^  in his work on the 
correlation of conversion electrons. He was able to deduce a 
more familiar form for the correlation function
k
max
W(0) - 1 + £  A2kP2k(cos 6) (2.7)
The P2k(cos 0) are the Legendre polynomials of degree 2k. The
coefficients A^k involve the product of five Clebsch-Gordan
coefficients summed over certain arguments. Using the techniques 
18
of Racah, Gardner was able to reduce the form of the A^k to 
the product of two Clebsch-Gordan coefficients and two Racah 
coefficients. Gardner's calculations were limited to conversion 
electrons.
5. Results of Biedenharn and Rose
Section 2.1 contains the esaentlal starting point for a 
theoretical consideration of the problem of finding an expression 
for the angular correlation function. In this section we present 
some of the theoretical results contained in the article by
g
Biedenharn and Rose.
The arrangement of equation 2.1 is of more than calculational 
interest since it allows one to break the correlation problem 
into much simpler parts, the E matrices. The initial and final 
transitions may be handled separately through the E matrices,
12
while the interaction is described through the matrix
* T*ie Infraction Hamiltonian or ^ for the 
emission of a particle along the quantization axis is expressed 
in terms of tensor operators with definite angular momentum, 
parity, and time-reversal properties:
^(S.) “ £ o(R )r(LM,TT,X) (2.8)
LMjt
or(R^ ) are the variables that characterize the particle emitted
_» g
and the T(LM,ff,X) are irreducible tensor operators of degree L.
The argument X refers to nuclear configuration and spin
coordinates. For a transition of definite angular momentum and 
parity change, (pure multipole transition), only a single 
T(LM,ff»X) enters. The operators T(I>itX) transform as (2I/fl) 
dimensional irreducible representations of the 3-dimensional 
rotation group.
T(LM,TTfX) - £  T(L#l,ff,X)D(Li#|M,4) (2.9)
The argument ft of the rotation matrix D is a rotation with Euler
angles ar/ty, such that the coordinate system describing the 
radiation (propagation vector k and polarization o) is carried 
over into the quantization coordinate system. Equations 2.8 
and 2.9 are introduced into 2.2 with the result
13
E<L)(mffn£) = St Eaf*(R1)a(R1)D*(L,uM)D(L,uM)<I1mi |T(L#l,ff)|lraa> 
x <I1m 1 |T(L>',ff')|lm^> (2.10)
where the summation is over m^, L, M, ji, n, L 1, M 1 , jj,1 and n ' ,
The problem of simplifying 2.10 involves the use of the Wigner- 
Eckart theorem and the properties of the rotation matrices 
D(L,jiM) as a first step in achieving the solution. The second 
step further simplifies the expression by defining the so-called 
radiation parameters
c (LL*) = S. E  ^ (LM.ffJafL’+M.TrX-D^CCLL'vj-M.T+M).
V M
(2.11)
Then with equation 2.11 substituted into 2.10, the result is
n\ I.-mfL .
E (m m') = E  (-1) (2I+l)(lJ|T(LTr)||l> ( i ^ K L ’TT' )||l>
x c ^ a L ^Cdlvjm^^m^WClILL' :vI1)D(v,m^-mff;®,)
(2.12)
where the summation is over L, L', v and t . The reduced matrix 
elements (iJ|t(Lt)||I> are characteristic of the nuclear transitions 
involved and of the state emitting or absorbing radiation. They 
are dependent on the particular nuclear model used in the 
calculations. The radiation parameters are characteristic of 
the particles emitted and upon the multipolarity and parity of
14
the transitions considered and upon the physical experiment 
undertaken. The remaining factors are to be Interpreted as 
geometrical in nature In c ontrast to the above mentioned ones 
which are determined by the physics of the process.
The third step in arriving at the final form for W(0) involves 
the substitution of and (as expressed in 2 .1 2) into
equation 2.2. Omitting the perturbation term (G) and invoking 
the summation properties for products of rotation matrices 
D(L,/jM, <H) we arrive at the general form for the correlation 
function
Li +L9
W(0) - £  (-1) L cv (L1L[)cv <L2Lj)<I1l|L1||l)<I1||l4t|l> 
x <If!]L2||l><Ifl|Lj||l> W(IIL1LJ;vI1)W(IIL2LJ;vI£) 
x (cos 9) (2.13)
where £  is over v, L|, L2l Lj. v is an even integer ranging
from 0 to the smallest even integer of the set 2(L.) ,
1 max
2 (L2>max or 21. Here is the largest value assumed by and 
or Lj. Equation 2.13 refers to the correlation in which the 
emitted radiation is a superposition of different multipoles.
The remainder of this section Is devoted to giving explicit 
forms for the correlation function 2.13 in two cases: (1) garama- 
gamma emissions and (1 1) conversion electron-gamma.
15
(a) gatnna-gamma correlations
For the case of the successive emission of two ganma-rays, 
the directional distribution of one gamma-ray with respect to 
the observation in a fixed position, of the second gamma-ray,is 
given by®
Wy V B) = 1 + A22P2(cos 9) + A44P4<COS 9) + ....
+  \  k Pk (COS 9) (2.14)
max max max
where W(Q) d H is the probability that one gamma-ray i3 detected 
in solid angle d 0  at angle 6 relative to the second gamma-ray;
Aj^ ere the theoretical correlation coefficients. The A ^ W - y )  
depend upon:
1 . the spin of the initial, intermediate,and final 
states 1^, I, If
2 . the multipolarity and of the radiation 
emitted in the first and second transitions
3. the multipole mixing ratlo(s) 6  ^ (and) or 6 *^
Since the polarization of R^ and are not measured, no parity
assignments can be made. The value of equals the minimum
of either 21, 2L, or 2L„, for example, k * min (21, 2L, , 2L ).
* 1 2 max 1 2
Theoretical values for A„„ and A,, can be obtained from references22 44
8 and 19 among others. The highest coefficient carried in 
equation 2.14 is usually A/[/( since higher coefficients rapidly
approach zero. Also, A/|/( ■ 0 if either I ■ 1, 3/2 or or * 1.
16
The correlation Is Isotropic for I = 0 or 1/2.1 ^ * 20
(b) particle parameters
It Is convenient to adopt the gamma-gamna angular 
correlation as the standard representation of the geometry of 
the correlation process. The correlation function,as given in 
section S of this chapter,Is quite general In nature allowing 
for various possibilities for the radiations and R^. The 
nature of the radiation enters through the radiation parameters 
and these are considered in detail for conversion electrons, 
alpha and beta particles, and so forth, in reference 8 . The 
proper modification to the gamma-ganna correlation function 
in order to incorporate different radiations, x, is accomplished 
by the use of particle parameters defined by:
V k ^ l -1^
VI/J;x) = < 2 a
This definition takes the y-y correlation as a standard, but 
any other radiation could equally well be used. No confusion 
should arise if the argument on b^ is omitted. For the case 
of the successive emissions of two radiations according to 
figure 2.1 with R^ ■ y^ and R^ ■ x the correlation function 
has the form
WY ^_x (e) - 1 + b2 (Lo;x)A2 2(y1-v2)P2(cos 6 ) + 
+ b4 (l£r;x)A4 4 (y1 -v2 )P4 (cos 9) + ... (2.16)
17
where x can be e , a  or j$ particles.
(c) conversion electron-gamma correlations
If at least one of the gamma-rays in a cascade Is moderately 
converted, it becomes feasible to measure the conversion electron- 
gamma correlation. Special techniques to accomplish the 
measurements will be discussed in Chapter III. Fart B of this 
chapter deals with some theoretical aspects of the internal 
conversion process.
The internal conversion directional correlation (e -y, 
y-e , e -e ) depends not only upon the spins of the three 
nuclear states and the angular momenta of the emitted radiations, 
but also upon the physical parameters Z (the nuclear charge),
IT (parity of the converted transition), and (the decay energy 
for the converted transition). The internal conversion process 
enters into the picture through the introduction of the particle 
parameters b^(Lo;e ) in the correlation function 2.16. The 
particle parameters are closely related to the internal conversion 
coefficients and yet are quite different in mathematical structure. 
Consider the E2 K-conversion process. A bound electron is 
ejected from the atom into one of two available states, or
d5/2* Tlie relative weight of these states is given by
is 2 a2(e)
where 6  ^aiw* ®_3 are t i^e coulomb phases, and an<* R_3 ^e  ^ arc
18
the electron radial matrix elements for the two final states. 
The particle parameter is
The essential difference lies in the fact that whereas the
conversion coefficient depends on the sum of the squares of
the radial matrix elements involved, (on the intensities of
the partial transitions), the particle parameter depends on
the ratio of the radial matrix elements, (on their relative
amplitudes). This means the conversion correlation is more
sensitive to minor variations in the radial matrix elements.
Theoretical values for the particle parameters involved in
conversion electron-ganma correlations can be found in 
91reference* for sub-shell and total shells K, L and M from 
Z = 30 to Z “ 103 for El, E2, E3, E4, Ml, M2, M3 and M4 
multipoles.
8 . Internal Conversion
1. Introduction
One of the methods used in assigning angular momentum and
b 2 (E2,K) = 1 + | (2.18)
and the conversion coefficient calculated for the same
transition is
0^(82) = ^  (3|R_ 3 |2 + 2|R2|2) . (2.19)
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parity numbers to low lying nuclear states utilizes the 
Internal conversion process. When a nucleus Is In an excited 
state, the de-excitatlon will proceed predominately by one of
two competing mechanisms. Either a ganma-ray will be emitted 
or the nuclear energy will be transferred to one of the bound
orbital electrons x (x = K, Lj, Ln i *  .....  ^ resulting
in the ejection from the atom of this electron. The latter 
process is called internal conversion. The number of conversion 
electrons emitted per unit time divided by the number of gamma- 
rays emitted per unit time is the internal conversion coefficient 
(ICC) a .
» -  8 $  <2 -20)
A given transition can convert in a number of possible shells
or subshells. The K, L^, ^j j i * •••• shell conversion
electrons in most cases can be individually separated and the
corresponding ql,., a  , ql .......determined. The partial
LI X II 
conversion coefficients
N(e")
°x - <2-21>
are in practice more useful to measure than the total or. The energy 
of the conversion electron is the difference between the nuclear 
transition energy Ey and the atomic shell or sub-shell binding 
energy B
20
E - E - B (2.22)x y x
2
If the excitation energy is larger than 2mc , one possible mode 
of de-excitation is by emission of an electron-positron pair.
Where high resolution spectrometers are available, individual 
sub-shell components can be measured. For example o(L^),
OfCLjj) and total L-shell ICC is, of course, the
sum of the individual components.
Angular correlation studies on gamma-gamma cascades can yield 
spin assignments for the nuclei involved. Without the measure­
ment of the linear polarization of the gamma-rays,no parity 
assignments can be made. This is a consequence of the dual 
nature of the electric and magnetic multipole fields with the same 
L value. In contrast, the conversion coefficients are strongly 
dependent on; (1) the nuclear transition energy E , (2) the
atomic number Z, (3) the angular momentum change AL, and
13(4) the parity change Aff.
2. Theoretical Considerations
The internal conversion process consists of the exchange
of a virtual photon between the nucleus in an excited state T
and an electron initially in a bound state ^ . The earliest
calculations were based on the Dirac wave functions for an
12electron in the atomic field of a point nucleus. Later
14 15calculations by Rose and by Sliv and Band incorporated
21
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nuclear size effects. Pauli and later Hager and Seltzer
published tables for internal conversion coofficicnts which also
consider finite nuclear size effects. The computations of Hager
and Seltzer are considered good to within one per cent, in view
of the approximate wave functions used. The electron-nuclear
interaction can be written in terms of the nuclear transition
currents and charges as
ik|r -r I
H ’ = -I' dr dT fj • J -p p ] exp(--- -— — ) (2.23)
J n e n e n'e i-* ir -r ' n e
where n refers to nuclear coordinates and e to electron
coordinates. [The rate of electron ejection is proportional
to the square of H*.] The final nuclear state is denoted by
Y- and that of the free electron by (/>_. The nuclear transition 
f i
current and charge densities are given by
J n - ^(rn) JnY(rn)
and j = t)+ (r )atf>(r ) (2.24)
e e e
where Of is the Dirac velocity operator. A multipole expansion 
of the electron-nucleus interaction is done analogously to the 
Coulomb field problem. A complete treatment is found in 
references 43 and 44. The final form for the interaction can be
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split up into magnetic and electric terms and each multipole 
character handled separately
H ' - L= + + h; u < l-°> • <2
L,M L,M
Consider a typical member of the magnetic multipole sum
H' (L,M) = -4ffik{7 dx J ‘A* ® 5 f dT J mag * L*J n n IX J e e IX
o o
_ rn
O
rn
' I  dV n » ™ . f  ' (2
o o
The first term in equation 2.26 is the product of two factors, 
the first depending only on the nuclear variables, and the 
second depending only on the electron variables. The nuclear 
factor is Just the (ML) gamma-ray matrix element. This 
factorablllty has a significant interpretation - that for 
nonpenetrating electrons the Internal conversion coefficient 
is independent of any nuclear transition matrix elements.
Since
lHi«a(1M>l2
c r (L M )  -  — ------- 6----------  (2
1/
13Equation 2.26 may be rewritten as
.25)
.26)
.27)
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H’ (LM) = 4trik [ dr J J dT J
mag J n n lM J e e LMo o
x [l + C(Zk)\] (2.28)
where
J"
(2.29)
o
The numerical values for C(Z,k) for all L values and for K-shell 
indicate that C(Zk) is small (£ 0,05), The nuclear dynamic 
effects are represented by the penetration parameter X. The 
electron does penetrate the nuclear region a small part of the 
time. While there,it probes the transition charges and 
currents, and weights them differently from a nonpenetrating 
electron which sees them as in the gamma matrix element. In 
general X is close to unity. (The calculations of Sliv*“* do 
in fact assume X = 1.) If the gamma transition matrix element 
in equation 2,27 is abnormally small due to selection rule 
effects (retarded transitions) the value of X may become 
appreciably larger thanunity. Dynamic effects of nuclear 
structure have been observed in a number of Ml transitions.
The electric monopole transitions between spin 0+ states have 
long been known. EO transitions between I -• I (no parity 
change) have also been observed. Two EO transitions occurring
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in the decay of Eu have been observed In this work and are
reported In Chapter V. The electric monopole part of the
nucleus-electron Interaction (equation 2.25) Is
* e'e r ro o n e
(2.30)
The EO mode of electron ejection arises entirely from dynamical
nuclear structure effects. Since no monopole gamma rays are
possible, it is meaningless to consider EO conversion coefficients.
The case of mixed nrultipole radiations resulting from
nuclear de-excltatlon Is not uncommon. Of course,the angular
momentum selection rules are strictly adhered to for these
combinations. If I ■ 1 and 1^ " 2 while Air = no, the radiated
field will be a mixture of Ml, E2 and M3. For a given type
of multlpole (M or E) the relative intensity for the multipoles
with L and L + 2 units of angular momentum is usually quite
tilsmall ( «  1). The Intensity ratio for the L f to L multipoles 
is defined as
= Intensity of L 1 _ 
— Tntenifl tv of T.I tensi y L
(2.31)
where
L' - L + 1
For the case of the mixture E(L +• 1) to ML, the Internal conversion
25
coefficient is
„ . s m - i  (2
1 + 6
The mixing ratio & as defined in equation 2.32 is obtained from 
nuclear model calculations. In practice 6 is sometimes 
determined from experimental a values and tables of a(ML) and 
a(EL') values.
CHAPTER III
INSTRUMENTATION AND EXPERIMENTAL PROCEIHJRE
A. Introduction 
This chapter is devoted to a description of the equipment 
and procedures used in performing the conversion electron-gamma 
and gamma-gamma directional correlation experiments. A directional 
correlation spectrometer was constructed at L.S.U. for performing 
these measurements and is described in part B. The silicon 
lithium drifted [si(Li)] detector, used in the detection of 
electrons in both phases of this work, is also described in paTt 
B. Pertinent instrumentation, such as timing single channel 
analyzers (TSCA), the fast coincidence circuit, and the analog-to- 
digital converter (ADC), are discussed in subsections of part B 
The dual parameter analyzer system which is interfaced to a small 
PDP-8/L computer is discussed in sufficient detail t-o give a 
basic understanding of its operation in processing data via 
one of the programs (DIGITAL GATES) used extensively in the work. 
Section B concludes with a brief discussion of the memory stoiage 
unit of the Nuclear Data 50/50 system and the use of magnetic 
tape for permanent data storage.
Section C describes the experimental procedures followed 
in setting up the correlation experiments. A step-by-step descrip­
tion is given for centering the source, adjusting the logic and 
linear delays, setting the energy gates, and correcting the data 
for background and chance coincidences.
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B. Instrumentation
1. The Directional Correlation Spectrometer
A directional correlation spectrometer was designed and 
constructed to perform conversion electron-gamma and gamma- 
gatnna correlations. It consists of a basic correlation table 
three feet In diameter and made of one inch aluminum. See 
figure 3.1. Degree marks are etched every 5 degrees. Special 
design features were incorporated to make the spectrometer quite 
versatile. Table 3.1 lists the different arrangements of detectors 
which can be mounted on the correlation apparatus. A Si(Ll) - 
Nal(Tf) detector arrangement Is shown mounted on the correlation 
table in figure 3.1. This is the mode used in performing 
conversion electron-gamma directional correlations.
The principle parts of the spectrometer consists of the 
coldfinger housing, the source chamber, and the rotatable-sliding 
table arrangement shown in figure 3.1. The coldfinger housing 
and source chamber are joined together by a mating flange and 
O-rlng seal. With the coldfinger housing resting on the rotatable- 
slidlng table arrangement, the source can be centered without 
breaking the system vacuum. Two wheel supports and a ball-bearing 
swivel located at the center of the correlation table can be 
adjusted up or down to make the source co-planar with the axis 
of the detectors. Once the proper vacuus is achieved and the 
internal ion pump activated, the spectrometer can rotate about 
the center of the correlation table.
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Figure 3.1, The Directional Correlation Spectrometer
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Table 3.1. Possible Detector configurations for directional 
correlation experiments
Fixed Movable
Si(Li) Ge(Li)
Si(Li) Nal(Tjfc)
Ge(Li) Si(Li)
Ge(Li) Nal(Tf)
Hal(Tf) Nal(Tf)
Nal(Tje) Si(Ll)
The coldfinger housing has a liquid nitrogen reservoir
to which is attached a copper coldfinger (3/4 inches in diameter).
The base of the reservoir and one end of the coldfinger are 
machine threaded for a tight fit. A Si(Li) detector is 
attached by a clamp to the other end of the coldfinger. In this 
way the coldfinger serves as a heat sink for the detector,and 
when liquid nitrogen is in the reservoir,the detector is 
maintained near 77°K. By changing the length of the coldfinger, 
the source to detector distance can be altered to accomodate 
different source strengths. Two isolation valves are part of 
the coldfinger housing. A two inch valve isolates the system 
(coldfinger housing plus source chamber) when the "rough" pumping
has been completed. A 3/4 inch valve is used to isolate the
Ion pump when the system is at atmospheric pressure. The
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vacuum in the system is maintained by a 2 liter per second ion 
pump (see figure 3.1). Two cryogenic molecular sorption pumps 
in conjunction with a 25 liter/second Ion pump are used during 
initial pumpdown procedures. This is done to insure the cleanest 
possible vacuum. Electrical connections to the internal 
preamplifier are made through a seven pin vacuum feedthrough.
The source chamber shown in figure 3.1 is an aluminum cylinder 
6 inches in diameter and 14 inches tall. It was machined to 
a uniform thickness of 0.035 Inches. The chamber has a removable 
top to allow access to the source. An 8 pin vacuum feedthrough 
provides for electrical connections to the source (thermocouple 
leads, grounding wires and so forth). The source holder is a 
half-moon shaped ring with a seating ridge for mounting the 
source. The source holder stem can be unscrewed from the base 
and replaced If necessary.
2. The Silicon Lithium-Drifted Detector
Figure 3.1 shows a diagram of the correlation spectrometer
2
equipped with an 80 nn x 2 mm Si(Ll) detector mounted in the
coldfinger housing. The Si(Li) detector was purchased from
the Kevex Corporation as part of a kit (Model 1010-2000) which
included a preamplifier, a portion of which (the head assembly)
is mounted In the coldfinger housing. The energy resolution
measured for electrons at an energy of 1 MeV was about 2.4 keV
FWHM; while for photons, the measured energy resolution on the 
241
59.54 keV Am line was about 0,7 keV. Both the applied
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detector voltage (bias) and amplifier time constants were the
same for electrons and photons. These values were respectively
525 volts and 3.2 microseconds. 3.2 microseconds, 1 millisecond
shaping times. The shaping time constants refer, respectively,
to the first RC differentiator, first integrator, and second RC
differentiator of the main amplifier.
The theory, fabrication,and operation of Si(Li) detectors
22have been extensively discussed by Taylor, Dearnaley and
Northrop, ^  ^  Goudling^ and Ho 11 a n d e r ^ * ^  among others. The
use of the Si(Li) diode in measuring relative electron intensities
2 8has been treated in some detail by Boneau. In this work the
primary function of the Si(Li) detector is twofold: Chapter TV
deals with the Si(Li) detector in its use as part of a system to
make rapid measurements of particle parameters; Chapter V deals
with the application of the Si(Li) detector in measuring electron
intensities to ascertain the internal conversion coefficients of 
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transitions in Gd. Two principal advantages in using the 
Si(Li) detector over the magnetic spectrometer are (1) rapid 
accumulation of data and (2) simplicity of operation.
Using a simple analogy, the semiconductor radiation detector 
can be compared to an ionization chamber. The intrinsic region 
of the detector acts like the sensitive volume of the ionization 
chamber. An incident electron excites a trail of clectron-hole 
pairs as it traverses the semiconductor slowing down in the process. 
See figure 3.2. The freed conduction electrons and holes are 
swept to opposite faces of the detector by an externally applied
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electric field. (Usually of the order of 2000 volts/cm). The 
collected charge is converted into a voltage pulse which then is 
subject to several stages of amplification and shaping. Since 
the number of electron-hole pairs produced by the ionizing radiation 
is proportioned to the energy lost in the intrinsic region (one 
pair is formed for each 3.66 eV energy loss on the average), 
the voltage pulse produced is ideally a linear function of 
the electron energy loss. Small deviations from true linearity 
and spectral broadening occur due to: (1) variations in the
charge collection, (2) preamplifier-amplifier noise,and (3) pulse 
height analysis.
(a) charge fluctuation
The statistical fluctuations in the number of electron-hole
pairs created for a given energy E is one of the basic limitations
in the ideal performance of Si(Ll) or Ge(Li) detectors. The
yield, y, is the number of electron-hole pairs produced for a
given amount of energy deposited during the complete absorption
2
of a monenergetic electron of energy E. The variance, cr , 
is the mean square variation In the yield. If e is the average 
number of electron volts that results in the production of an 
ion pair, then
y - E/e (3.1)
29and the Fano factor Is defined as
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F s ( i 7o  * <3 * 2 >
The experimental detector resolution is usually given as:
W^(keV) = 3.6(FEf) (Si at room temperature) (3.3)
_3
where € *= 2.9 x 10 keV/ion pair. The full energy width, W^, 
at half maximum (FWHM) for a spectral line due to the detection 
of monoenergetic electrons of energy E is an important characteristic 
In the evaluation of detector performance. The limits on F 
range between 0 and 1 corresponding to no statistical fluctuation, 
and,on the other hand,to very small production in ion pairs. W^ 
is essentially the statistical spread due to fluctuation in the 
number of ion pairs created in a single event. This represents 
the ultimate energy resolution attainable for a given temperature 
of the Si(Ll) detector. Other contributions to the FWHM will 
be enumerated later.
(b) preamplifier-amplifier noise
Until a few years ago the energy resolution of semiconductor 
spectrometers for nuclear particle measurements was largely 
limited by the electronic noise characteristics of the charge- 
sensitive preamplifier (anqilifler) rather than by the detector 
itself. The noise performance of a preamplifier (amplifier) is 
generally stated in terma of the equivalent noise charge (ENC)
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in units of the electron charge or in terms of the FWHM in keV 
at zero capacitance (no detector). The equivalent noise charge 
(ENC), in root-mean-square (rms) number of electrons is the quantity
of charge which if applied to the input of the preamplifier
(amplifier) in a time short compared with the preamplifier 
(amplifier) response time would produce an output voltage pulst-,
of amplitude just equal to the observed rms noise voltage.
The relationship between ENC and its contribution in broadening 
the spectral line (FWHM) is:
W^(keV) = 8.57 x 10 ENC (rms value of electrons) for
Si at room temperature 
or (3.4)
_3
W^CkeV) = 7.0 x 10 ENC (rms value of electrons) for 
Ge at 77°K.
The preamplifier (amplifier) sees the detector connected at the input 
as an external capacitor C^. This is another source of noise in 
the total detection systemtand the resulting increase in the FWHM 
as a function of detector capacitance is given by
Wg(keV) = W2(keV) + m C (3.5)
where m is the slope in keV/pF which is determined by the trans- 
conductance of the first preamplifier (amplifier) stage. A noise 
slope (m) of 0.025 keV/pF is not uncomnon for a good preamplifier
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or amplifier at room temperatures. One of the first low noise 
solid state preamplifiers developed for cooled detectors Is 
shown diagramlcally In Figure 3.3. Under reverse bias conditions, 
a semiconductor detector has a large but not infinite resistance 
to current flow. As the reverse bias Is increased, the leakage 
current IL increases as if approaching saturation. The noise 
(FWHM) due to leakage current of a detector is
W^(keV) = /160 I^t x 2.36 keV (Ge at 77°K)
(3.6)
W^(keV) = /160 Ilt x 3.6 keV (Si at 298°K)
We found leakage current to be an important parameter in 
evaluating the performance of a Si(Ll) detector. During the 
three and one-half years in which we have worked with Si(Li) 
detectors, several have failed to respond after routine cycling 
procedures. By measuring the leakage current as a function of 
the applied voltage at room teo^erature, a determination can be 
made as to whether or not the detector is of any further use as 
a high resolution device. Figure 3.4 shows an arrangement which 
can be used to check the leakage current I as a function of the
L
applied voltage . The current measurements were made with a VTVM 
(Hewlett Packard 41OC) shown as in figure 3.4. Since the
a
internal resistance of V2 is 10 ohms, the leakage current and 
the actual detector bias are:
I 
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Figure 3.4. Circuit for measuring detector leakage current
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Figure 3.5. Detector leakage current versus applied voltage
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 ^‘ 7?
V = v - V det V1 2
(3.7)
Figure 3.3 is a graph comparing leakage current versus voltage 
for a good detector and one which has failed to respond to 
applied voltage in normal operating conditions. is typically 
between 0.1 and 1 microamperes (jia) for an ordinary room 
temperature Si(Li) detector.
(c) pulse height analysis
Figure 3.6 shows a block diagram of a typical nuclear 
detection system. In the ideal case if a particle or photon 
enters the sensitive volume of the detector,all of its energy 
is converted into ion pairs which are collected by the electric 
field and converted in a voltage pulse. Through a series of 
amplifying stages the voltage pulse is enlarged, reshaped,and 
finally subject to analysis. The amplitude of the voltage 
pulses is linearily related to the amount of energy loss in the 
detector, and the energy of a nuclear particle or photon is an 
important parameter in its identification. Therefore, in order 
to be of any value the voltage pulse must be sorted according to 
its amplitude. The electronic component which does this sorting 
is called the analog-to-dlgital converter (ADC). Simply stated 
the ADC performs a conversion of the analog signal (the voltage 
pulse from the amplifier) to a digital signal. Figure 3.7 is used
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Figure 3.6. Block diagram of a single parameter nuclear detection system.
Analog Signal Digital Signal
AWV1 .
Figure 3.7. Illustration of analog and digital signals
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to Illustrate the basic difference between an analog and a digital 
signal. The analog signal Is depicted on the voltage versus 
time graph as a smooth varying function of time; whereas the 
digital signal is exemplified here as a saw-tooth train of 
pulses. Digital signals of this type are ideally suited for 
counting purposes. The ADC converts a voltage pulse (figure 3.7) 
into a train of digital pulses* The number of pulses generated 
in the train is directly proportional to the amplitude of the 
voltage pulse processed. This train of pulses is used to address 
a specific location(channel) in the memory storage unit where 
each location can be considered a scalar or counting device. 
Whenever a memory channel is addressed,its scalar is incremented 
by one. Through this process a record of the energy spectrum 
is accumulated. The rate at which the ADC can perform the 
conversion and addressing process is called the digitizing rate, 
and this value is typically between 10 - 100 megahertz. Present 
day memory units have up to 4096 channels of storage capacity 
to complement the ADC which are now constructed with 4096 channel- 
address capabilities. Some ADC's are now designed to address 
8192 channels of information. The channel-address capacity of 
an ADC is more commonly referred to as the analog conversion 
gain or simply the conversion gain. This term should not be 
confused with the conversion gain terminology applied to the 
energy per channel designation frequently used and expressed in 
terms of kev/channel. An ADC conversion of 1024 sinq>ly means 
the number of address pulses produced by a full scale input
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pulse. The amplitude of this voltage pulse needed to address 
fch
the 1024 channel (In volts) la called the ramp of the ADC.
An ADC conversion gain of 1024 with a ramp size of +3 volts 
corresponds to a configuration where a positive three volt 
signal at the input of the ADC will produce the necessary number 
of pulses to address the 1024^ channel,and thereby increment 
the number in this channel by one. (If the ADC Is in the subtract 
mode, the 1024^ will be decremented by one each time it is 
addressed). The Integrated unit, ADC plus external memory unit, 
is called a multi-channel pulse height analyzer (MCA). Other 
operational aspects of the ADC such as: (1) threshold control,
(2) zero level control, (3) integral and differential non- 
linearity,and (4) stability are discussed at length in references 
30, 31,and 49.
The major contribution of the ADC to deviations from true 
energy linearity for the detector-analyzer system stem from 
integral nonlinearity and instability over extended time periods. 
For a top quality ADC the integral nonlinearity is typically 
± 0.1% over the top 98% of the full scale 4096 analog conversion; 
whereas the drift should be less than one channel per day at 
stable ambient temperature. The temperature stability factor 
is practically negligible since most equipment is kept in 
air-conditioned environments.
3. Time Spectrometry
In many experiments in nuclear spectroscopy the ability to 
measure the simultaneity of two or more events from separate
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signal lines is necessary* Two standard techniques for making 
time measurements are known as "leading-edge timing" and 
"crossover timing". Figure 3.8 Illustrates the basic difference 
between these two modes of time measurement. In "leadlng-edge" 
timing a low level discriminator is set to a value just above 
the threshold level of the signal, A standard +5 volts amplitude, 
300 nanosecond wide logic pulse is generated whenever the 
amplitude of the signal exceeds the value required to trigger 
the amplitude-sensitive discriminator. In "crossover timing" 
a bipolar pulse at the input will trigger the discriminator only 
when the signal amplitude falls to zero In its swing to the 
opposite polarity. The "time marks" shown in figure 3.8 
correspond to the onset of the logic pulse generated. These 
"time marks" are reference points in time and are used to decide 
whether or not two events are related. Small deviations in the 
time marks are caused by two sources: jitter is the time 
uncertainty caused by noise in the signal or the discriminator 
circuit; walk is the time variation in the generation of the time 
mark due to changes in signal amplitude. Jitter and walk are 
illustrated in figure 3.9 for the case of crossover timing. In 
an amplifier providing a bipolar shaped pulse, the time of zero 
crossing is theoretically invariant in time as the amplitude 
varies. (See figure 3.9). In practice this is not to be expected 
over very wide dynamic ranges of amplitude, say 30:1.
The timing equipment used in this work consisted of two Ortec 
420 Timing Single Channel Analyzers (TSCA). The TSCA detects the
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Figure 3.9. Inaccuracies inherent in the two timing modes
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zero crossing (crossover pickoff technique) of only those 
pulses having an amplitude between chosen limits as set by E and 
AE dials. No energy restrictions were Imposed on the signals, 
hence the TSCA's were operated in integral mode with the lower 
discriminator level set at 20 mv in order to block any noise 
from the amplifiers.
4. The Dual-Parameter Analyzer System
Figure 3.10 is a block diagram of the system used in 
performing directional correlation measurements. Detectors 1 and 
2 can be one of the combinations listed in table 3.1. The two 
amplifiers used were an Ortec 440 and a Tennelec TC200. After 
amplification the linear signals from each detector were split 
into two parts. One part of the signal from each detector is 
connected to the input of a TSCA operated in the integral mode 
(no energy discrimination); the other portion of the signal is 
connected to the input of the X or Y ADC of the dual-parameter 
analyzer. The signal amplitude in both portions is the same 
as the undivided signal. The output of the TSCA's are fed to 
two inputs of a multifold fast coincidence circuit (Ortec 414A). 
At the coincidence circuit the logic pulses generated by the 
TSCA's are reshaped, and the actual coincidence determination is 
made on the leading portion of the pulses. A coincidence logic 
signal, 5 volts in amplitude and 500 nanoseconds in duration, 
is generated by the coincidence circuit if and only if the input 
pulses from the TSCA's arrive within a prescribed time interval 
relative to one another. This time Interval is called the
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Figure 3.10. Block diagram of fast time spectrometer - dual parameter analyzer system
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33resolving time (2t). For this particular series of experiments 
the resolving time was set at 120 nanoseconds. For two sources 
of uncorrelated pulses of rates and per second, the expected 
rate of chance coincidences is,
Nc - 2tNxN2 (3.8)
The chance coincidences are subtracted from the total to obtain 
the true coincidences. The logic output pulse of the coincidence 
circuit is reshaped by a stretcher circuit into a rectangular 
pulse 3 volts in amplitude and 3 microseconds in duration. These 
pulse parameters are required for the operation of the coincidence 
gates on the ADC's which form part of the dual-parameter analyzer 
system. When the gates are operated in the coincidence mode, 
linear signals arriving at the input of the ADC's are analyzed 
only if logic signals have already arrived and opened the gates.
As seen in the block diagram of figure 3.10, a singles 
sampler is Interposed between the pulse stretcher output and the 
ADC coincident gates. The function of the single sampler control 
unit is to periodically switch the dual-parameter (MPA) operation 
of the system to single parameter operation on the X ADC and 
then on the Y ADC. The single sampler periodically opens 
the coincidence gate on each ADC, thus removing a coincidence 
requirement In the logic network and permitting the X and Y ADC 
to Individually analyze the incoming linear signals from the 
separate detectors. [The terms dual-parameter analyzer and
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multi-parameter analyzer (MPA) are used interchangeably.J 
Front panel controls enable the setting of MPA time and Individual 
sample times on each ADC. MPA time is selectable from 1 milli­
second to 99,000 seconds*and individual sample times are variable 
from 1 millisecond to 9,000 seconds. The singles sampler should 
be set to give good statistics on the X and Y singles spectra.
The sample time and rate for each ADC are dependent upon the source 
strength. Suppose we desire a total analysis time of 1,000 
seconds and would like to take 500 samples. In each sample the 
X ADC is to be left opened for 2 seconds and the Y ADC for 1 second. 
Then the singles sampler unit should be set for MPA time of 2 
seconds with the X sampler at 2 seconds and Y at 1 second. The 
experiment clock is set for 1,000 seconds and experiment time is 
measured only during MPA busy time and not during sampling time. 
[The mode switch must be set to MPA clock time]. Now every 5 
seconds the singles sampler is In the MPA mode for a total of 
2 secondb after which it allows only the X ADC to look at linear 
signals at its input for 2 seconds, then allows only Y ADC to 
analyze for 1 second before returning to MPA mode for 2 seconds 
and so forth. This Is repeated 500 times before the experiment 
clock stops the analysis of data. Total elapsed time is somewhat 
greater than 2500 seconds since the electronic switching is not 
instantaneous.
In the MPA mode of operation the linear signals at the 
inputs of the X and Y ADC's are analyzed in the same manner as 
in single parameter analysis except that the ADC's function only
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on receipt of the logic signal at the coincidence gates. In 
the experimental set-up to be described in section C of this 
chapter, the coincident linear signals, as determined by the 
logic circuitry, are properly delayed so as to arrive at the ADC 
inputs at the same time the logic signal has caused the ADC gates 
to open,thereby making operative the analysis of the individual 
linear signals. The linear delays are shown in figure 3.10.
The pulse height analyzer performance has been already briefly 
described. After processing by the ADC's, the signal information 
appears as two numbers; one in the 12 bit address register (address 
scalar) of the X ADC, the other in corresponding address 
register,of the Y ADC. See figure 3.11. When data is received 
in an address register a series of operations are Initiated in 
the two parameter ADC control unit which ultimately culminate 
in the transfer of the information from the two separate 12 
bit address registers into a single 24 bit Memory Register (MR).
The data from the X address register is transferred to the 12 
least significant bits of the MR, while the information In the 
Y address register is transferred to the 12 most significant bits 
of the 24 bit MR. From the MR a clear and transfer operation 
takes the data to the last channel of the memory storage and 
display unit. The data now in the last channel (4096) is subject 
to analysis under the control of the PDF 8/L computer.
An internal computer program (the assembler language is referred
+
to aB PAL III) called DIGITAL GATES is used to monitor the data 
^Copyright 1970, Nuclear Data Corporation, Palatine, Illinois.
AR23
Memory
storage
and
Display
PDP-8/L
computer
program
Last Channel 
of Memory 
Storage and 
Display Unit
2
MR23 y
ADC
Linear
Signal
AR12
Two
Param.
ADC
Control
MR0
Memory
Register
AR11
Logic
Signal
X
ADC Linear
'Signal
■e-
AR0
Figure 3,11, Block diagram of MPA analysis of data under computer control
50
and either store or discard It based upon whether or not the 
data falls within certain prescribed gates. The program can have 
up to 16 gates In binary multiples, n - 1, 2, 4, 8 , 16. Each 
gate must be supplied a start and stop channel number; 1 and j, 
which cannot exceed 4095. If the start and stop channel of the 
first of n gates Is denoted by 11 and Ij, then the restrictions 
on the limits of each gate can be stated succinctly as
0 < 11 < lj < 21 <  2j < .... < nj < 4096
where n * 1, 2, 4, 8 , or 16.
In the investigations carried out, the gate limits corresponded 
to energy intervals covering either a photopeak or a background 
region of interest. The procedure for setting the energy gates 
will be described In section C of this chapter. Figure 3.12 shows 
a flow diagram of the DIGITAL GATES program. Whenever the Two 
Parameter ADC control supplies the last channel with data,
(also called related addresses) the program branches to the main 
routine turning the computer on - line thus gaining access to the 
Input/Output buffer on the Memory Storage and Display unit. A 
memory cycle is initiated at channel 4096 which reads the Y 
coordinate (last 12 bits of the 24 bit register) of the MR. The 
Y coordinate is then compared to the progranmed gates one by one. 
If the Y coordinate la found to lie within a gate, the gate number
is counted and then the X coordinate (first 12 bits of MR) is read
and stored In the appropriate channel In that gate or group.
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The storage and display unit of the 50/50 system consists of 
4096 channels each with 24 bits of memory capacity. The 4096 
data locations in the memory may be digitally selected for display 
in increments as small as 64 channels. Figure 3.13 shows a 
IK x 4 isometric display configuration. Using the DIGITAL GATES 
program requires a display configuration such that the number of 
displayed groups is equal to or greater than the number of 
programmed gates. In this mode of operation two or more X 
addresses are "dumped" into a single channel (averaging process) 
since a 12 bit number is to address a channel number less than 
4096, In fact 4096 divided by the number of groups. For the 
present work, the DIGITAL GATES program was modified so as to 
obtain a one-to-one correspondence between the number of channels 
in any gate and the maximum address number allowed to address in 
a gate. A simple masking operation was introduced in the program 
loop to accomplish this task.
C, Experimental Procedure
1. Source Preparation
Several attempts were made at making a uniformly thin source
154 34-3
of the 16 year Eu activity by molecular plating techniques.
All of these attempts failed to yield a sufficiently thin source
for directional correlation studies. It was decided to use the
source of E. F. Zganjar et al. since previous measurements made
154
with this source have shown anamolous behavior. The 16 year Eu
4 p A 154 1
activity was produced by 13JEu(n,Y) Eu reaction and was shown
CHANNELS
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152to have less than \° L  Eu Impurity. It was prepared by thermally
2
evaporating the activity onto a 15 mg/cm copper backing over a
circular area 4 mm in diameter. The resultant source contained 0 .344
2
micrograms of Eu and, consequently, was 2.7 micrograms/cm thick. The 
activity of the source at the time of these measurements was 
10 microcuries.
2. Initial Adjustments
(a) source strength, resolving time
The first step in setting up an experiment is to determine 
the desired source strength based upon the resolving time of the 
coincidence circuit, the true to chance coincidence ratio, and 
the integral side channel count rates and Nj from each 
detector. The chance coincidence rate, Nc , is equal to 2tN^N2*
For directional correlation work, 2t resolving times in the ra ige 
from 80 -  200 ns are common. In the work performed here, the 
2 t  resolving time was set at 120 ns. This was determined by 
running a delay curve. Also, the true coincidence rate to chance 
coincidence rate was found to be 2 2 :1 .  The source strength 
can then be estimated by the relation:
N ~  1/(2tR) (3.9)o
where R = true-to-chance coincidence rate. The source strength 
was determined to be 10 microcuries.
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(b) centering
The next step in initiating a directional correlation experi­
ment is the centering of the source; first geometrically while 
the source chamber is removed and second, electrically while the 
source is in a vacuum. The geometric centering was done with a 
5X telescope equipped with cross hairs. The telescope was set 
at the same height as the source and placed about 20 feet from 
it. Using the cross hairs for line of sight, the geometric center 
of the source, the center axis of the NaI(T£) detector, and the 
center axis of the Si(Li) detector were made co-planar. The 
source chamber was then placed in position and the system was 
evacuated. By measuring the Integral count-rate of the movable 
detector, the Eu oxide source was positioned on the axis of 
rotation of the system (see figure 3.1) to better than 1.0%. In 
order to account for any possible scattering in and around the 
source chamber, the lower discriminator on the Nal(TiS) channel 
was increased and the procedure was repeated. If the countlng- 
rate was within 1% for the higher discriminator values, the 
source was considered to be centered. The side channel rate, 
and Ng never exceeded 7,500 counts/sec in the integral mode, 
and should never exceed 10 , 0 0 0 counts/sec with the present 
electronic circuitry.
(c) delay curve
If the two detectors in figure 3.10 see two coincident 
nuclear energy particles (say from a nuclear cascade), the logic 
pulses developed at the output of the TSCA's may not necessarily
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be in time coincidence due to inherent electronic delays in the 
amplifiers. The standard procedure for setting up the timing 
for the logic circuitry is to run a delay curve. By inserting 
a fixed time delay in one line (or channel of information) and a 
variable time delay in the other line and recording the coincidence 
rate as a function of the time delay in the variable line, a 
delay curve is obtained. [The Ortec 420 Timing Single Channel 
analyzers have a built-in variable delay of 0 -* 110 ns. ]
Figure 3.14 shows a typical delay curve obtained using two 
Nal(Tf) detectors with the lower discriminators on the TSCA set 
at 20 millivolts to block out amplifier noise. The 2t resolving 
time is defined as the full width at half maximum (FWIIM) of the
/—sJ
delay curve. For the experiments performed here, 2t = 120 
nanoseconds (ns). By inserting enough delay in one line it is 
possible to move completely off of the delay curve into a region 
where the coincidence rate is attributed to accidental or chance 
coincidences. The true-to-chance ratio can thus be determined 
from the delay curve data.
The crossover pickoff technique used in this timing equipment 
requires pulses with a doubly differentiated fast fall time 
signal at its input. Ideally, a double delay line shaped pulse 
is well suited for this application, although the energy resolution 
qualities of this pulse shaping are inferior to the near 
gaussian-bipolar shaped pulse used in this work. Two RC mode 
pulse shaping amplifiers were used to achieve the bipolar pulses. 
Some compromise must be reached in setting the timing for this
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particular system. The fast fall time pulsea give better time 
resolution and poor energy resolution, and since the same signal 
shape is used in both the logic and linear networks, great 
care must be exercised in order to achieve the best resolution 
for both systems of analysis (time and energy).
After the logic signals have been properly delayed and the 
timing parameters of the system properly adjusted, the detector 
linear signals will require suitable delay to insure proper 
synchronization with the logic signal. The block diagram (figure 
3 .10) of the electronics shows a delay amplifier in one of the 
signal lines. This is an amplifier with unity gain and with 
signal delay adjuatable from 0 to 4.75 microseconds in steps of 
0.25 microseconds. The time reference for the two linear signals 
is the coincidence output signal. The output of the fast coin­
cidence circuit is used to externally trigger an oscilloscope.
The separate linear signals are connected to the input of the 
oscilloscope, and if the timing is correct, the linear signals 
can be partially seen within the 3 microsecond sweep time allowed 
by the coincidence logic pulse. To account for the 1.25 micro­
seconds delay in each ADC input, the linear signals should be 
delayed so that visually displacing the signals to the right by 
1.25 microseconda on the oscilloscope screen will bring them 
within the 3 microsecond sweep window. The Ortec 440 amplifier 
has a built-in delay of 2 microseconds at one of ita two outputs. 
This proves to be a satisfactory delay for this line and is referred 
to in figure 3.10 as the fixed delay.
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(d) energy gates
The next step In the procedure for setting-up a directional
correlation experiment involves setting the energy gates used
in the DIGITAL GATES program to process the incoming data. Up
to 15 energy gates can be programmed by typing in the start and
stop channels for each energy interval as prescribed in section
B part 4 of this chapter. The first gate or group is reserved
for storage of the X ADC singles spectrum,and the first channel
in each displayed group is reserved for storage of the Y ADC
singles spectrum in the energy regions determined by each gate.
A 1024 x 4 (IK x 4) display configuration was used in this work.
This means a total of three gates could be programmed. For the
series of experiments carried out, the movable Nal(Tf) detector
supplied the gate pulses in all correlations (y-y and e-y).
One gate was set over the top half of the 1274 keV photopeak,
and the background gate was set on the flat portion of the
compton distribution arising from the 1596 keV gamma-ray. (See
154figure 5.4). Figure 3.15 shows a Eu gamna-ray spectrum 
taken with the 3 x 3  inch movable Nal(Tf) detector and the 
positions of the energy intervals used in all correlations 
performed. The start and stop channels for each gate were 
determined from the gamma-ray spectrum taken with the movable 
Nal(Tf) detector by using the intensified data display feature 
of the Nuclear Data 50/50 system. The top half of the photopcak 
was intensified, and a command Issued to the computer produced the 
limits of data intensified (the start and stop channels) on the
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teletype. These were in turn fed to the DIGITAL GATES program.
(e) singles sample time
The last step In the procedure is to set the singles sample 
time and the MPA time. The principal criterion in setting these 
values should be good statistics in the singles spectra collected. 
In this series of experiments, the MPA analysis time was 40 
seconds followed by 2 seconds sampling time on the X and then 
the Y ADC respectively. The experiment clock time per angle 
was kept at 10 hours for all correlations conducted. This is 
exclusive of the sampling time.
3. Data Accumulation and Storage
Coincidence data in both the y-e and y-y modeB were acquired 
and analyzed using an on-line PDP-8/L computer. Two programmed 
gates constantly monitored incoming coincidence Information 
in channel 4096 to determine If the event analyzed fell within 
the prescribed gates. Only those events which met the criterion, 
spelled out in section B, were stored In the memory. A data 
storage profile is shown In figure 3.13 for the 1024 x 4 display 
configuration. This is the so called split memory matrix, because 
the memory Is hypothetically divided into four sections (groups), 
each section responding only to certain related addresses as 
determined by the programmed energy gates.
Data was accumulated for 10 hours of MPA time per angle 
over a series of several scans (sequence of angles). After 
each 10 hour MPA time, a series of computer commands were issued
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from the teletype and performed the following:
(1) a printout of the singles count In the 1274 
gate, and integral counts along the X singles 
by summing over the 123 K, 123 L, and 123 M 
peaks individually.
(2) from the gate counts and individual K-, L-, 
and H-shell counts, the normalization constants 
were calculated,
(3) the accidentals, In gate 3, were subtracted 
from gate 2 (1274 keV gate)
(4) the norma11zatlon constants were used to 
multiply the resulting data In gate 2 .
(5) a Mfile-search" function was performed to 
locate the last data record on magnetic tape 
which was used to permanently store the data.
At the file mark, the data was then dumped on magnetic tape.
A system of tagwords was used to uniquely identify each data 
record for later compilation.
CHAPTER XV
154
The 123 keV PARTICLE PARAMETER MEASUREMENTS AND ANALYSIS IN G d
A. Introduction
The general correlation function set forth in Chapter I (equation 
2.16) does not take into consideration possible interactions or 
perturbations on the nucleus while in the intermediate state. Two 
possible interactions were mentioned (Chapter II, section 2) but 
were not Incorporated into the form set down for the correlation 
function. In order to properly consider these and other experimenal 
as well as environmental effects on the correlation function, It 
is convenient to write W(6 ) as:
W(0) - 1 + Q2(y )Q2(x )G22(y -x )A22(y -x )P2(cos 6)
+ Q4 (y)Q4 <x)G4 4 <Y-*>A4 4 (y-x>P4 <cos 8 ) + ....  (4.1)
In the same convention followed in Chapter II, x represents y, e 
a , or 0 particles. The * 2,4,...) are the solid angle
correction factors. These factors take into account the smearing 
of the correlation due to the finite solid angle subtended by each 
detector. The are perturbation factors which account for the 
attenuation of the correlation coefficients Aj^ due to possible 
interaction of the nucleus with its environment while in the 
intermediate state.
The correction factors for the finite solid angle subtended
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by the Si(Li) detector were calculated using the formalism given
in reference 38, For electron energies below 300 keV, where
complete absorption can be assumed and the detector edge effects
38
are unimportant then the Q, (e) are given by:
P, . (x ) - x P. (x)
^ , x k-lx o o k vQk (e) - -------------------  . (4.2)
(kHMi-xo)
Here (xq) is the kC^ order Legendre polynomial and = cos 0,
where 0 is the half angle subtended on the front face of the
detector. The solid angle correction factors for the two Nal(Tf)
39detectors were obtained from Yates. Table 4.1 gives the correction 
factors for the three detectors used.
Table 4.1. Solid Angle Correction Factors for the Si(Li) and Nal(Tf) 
Detectors
 02____________________________________
Energy Si(Li) NaI(T£) Nal(Tf)
keV d"4.5 cm d— 10 cm d»14 cm
123 0.9907 0.9087 0.9528
1274   0.9375 0.9648
Energy Sl(Li) Nal(ue) Nal(Tf)
keV d-4.5 cm d“ 10 cm d-14 cm
123 0.9692 0.7798 0.8371
1274 0.8025 0.8852
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The general form of the perturbation factor was first derived
40
by Abragam and Pound. The Influence of the extra-nuclear
perturbation Is completely described by the perturbation factor
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Gj^ which is in general complex. The terms "extra-nuclear 
perturbation" or "attenuation" are intended to describe any 
physical or chemical effects present while the nucleus is in the 
intermediate state which alters the correlation function. These
changes manifest themselves in deviations in the measured
—  19correlation coefficients A^k from predictable values. The
experimentally measured W(6 ) between related radiations x and y is:
kmax
w(0) -  1 + E 6)
k*2 ,4 ,* *•
(4.3)
or
k
max _
W(9) - 1 + E  A., P. (cos 9) . (4.4)
k-2,4,...
Hence, the experimentally measured coefficients are given by
A^k (x-y) - (4*5)
where A^Cx-y) are the true correlation coefficients. As is seen 
from equation 4.5, it is not possible to extract directly the A ^ ' s  
from the form of the correlation function. We must have the solid 
angle correction factor for the detectors admitting radiations x 
and y, and we must have some knowledge of the attenuation factors
Gkk'
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If one measures a y-y and y-e correlation with the same 
source and under the same experimental conditions,it is usually 
assumed the attenuation factors ax>^' ^ k ^ l ' 6  ^ are
equal.
A 2 2 Y^ l”Y 2 ^
G 2 2 ( Y i - Y 2 ) A 2 2 ( Y l " Y 2 ) "  Q ^ Y ^ Q ^ Y j ) ( 4 * 6 )
G22<Yr e)A22<Yr e) * Q 2 (Y1)Q2 (e) <4*7)
When the particle parameters are calculated, the attenuation 
factors cancel leaving
h i \ (*2 (y1 )Q2 (y2 ) A2 2 <Yl~e) . ..
2(e > *  Q ' (V1)Q2(e)  - S ^ ^  ,  (A' 8)
The e symbolically represents a shell or sub-shell particle 
parameter. In this work e will represent the K, L, and M shells.
B. Measurements of the Particle Parameters
154
of the 123 keV Transition in Gd 
1-3Several groups have reported measurements of the pure
154
E2 123 keV particle parameters in Gd which are In conflict 
with theoretical results as well as with other reported measure­
ments.4 ® ^ 4Gd is in the deformed rare-earth region where * ^ S m  
particle parameter measurements also exhibit anomalous behavior.
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The importance of particle parameter measurements as a tool 
in the elucidation of nuclear structure demands that questions 
arising from discrepancies between experimental measurements and 
theory be resolved; and that the particle parameter technique set 
upon firm ground experimentally. Particle parameter measurements 
yield information about spins of nuclear levels, the multipole 
character of the emitted radiations and for mixed multipole 
radiations, the amount of admixture. This is in general the 
same information gained by gamma-gamma correlation measurements.
The additional information contained in particle parameter 
measurements consists of the parity of the transitions involved and 
nuclear effects that are specific to internal conversion (such 
as penetration of the atomic electron wave function into the 
nucleus).
We decided to conduct a series of measurements on the 123 keV
154particle parameter in Gd in an effort to resolve the conflicting
data which has evolved since the first measurement in 1965.^ Of
4-6the six reported measurements made prior to this work, three
21 1-3have reported agreement with theory, while three have
measured deviations from theory as large as 25%.
In experimental measurements of particle parameters, the
attenuation coefficients G^Cy^-e) *nd Gick^l"Y 2  ^ niu8t either be 
equal or known. Since It is difficult when using magnetic 
spectrometers to perform both types of correlations in the same 
chamber and thus assure equality, it is often assumed that the 
only requirement necessary for equality is that the same sample be
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used in all correlations. Although this is a necessary condition,
it is not always sufficient. It is precisely this assumption
154which is the source of difficulty in the case of Gd, even with 
Eu in oxide form.
In order to insure equality of the attenuation coefficients 
in this study, a directional correlation system employing a 
high resolution Si(Li) detector as the electron spectrometer was 
constructed. This system, described in Chapter III, allows one 
to perform the y-e and y-y correlations simultaneously. In order 
to ascertain which experimental conditions could affect the 
directional correlations, a series of experiments was undertaken 
in triilch correlations were measured tdiile the source was subjected 
to five different environments: 1) ungrounded-vacuum, 2 ) grounded- 
vacuum, 3) cold-vacuum, 4) dry-atmosphere and 5) wet-atmoBphere.
Directional correlation measurements were conducted with the 
4 mm diameter source in the five controlled configurations mentioned 
above.
Configuration 1 (ungrounded-vacuum) was achieved by 
fabricating a Teflon holder for the source and allowing it to 
remain ungrounded while in the evacuated chamber (figure 3.1).
A small wire connected the source to the vacuum feedthrough connector 
to facilitate later grounding of the source without breaking the 
vacuum. In this configuration the source acquired a charge due 
to the beta decay of 154Eu and after some elapsed time, an 
equilibrium state was reached. To test the validity of this effect, 
electron spectra were accumulated at various intervals during the
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waiting period. A slight low energy tall on the 123 keV K conversion 
line was noted after 24 hours. No further enhancement of the 
tailing effect was found after that period. A 1274y-123e and a 
1274y-123y correlation were run while the source remained ungrounded, 
[in this notation, the letter e is used to denote conversion 
electron,and it is implied that K-, L-, and M-shell conversion 
is included. Henceforth, the energy designation will be dropped 
since only the 1274 keV - 123 keV cascade is under study.J
Configuration 2 (grounded-vacuum) was achieved by simply 
attaching an external ground wire to the vacuum feedthrough 
connector, thus grounding the source. Configuration 2 can be 
thought of as a standard correlation because it Is the configuration 
in which y-e correlations are normally run; that is, grounded, 
at room temperature, and in a vacuum.
In order to achieve configuration 3 (cold-vacuum), it was 
necessary to break the vacuum and connect an aluminum rod (0.4 cm 
diameter) between the coldfinger and the source holder stem. An 
Iron-Constantan thermocouple, attached to the source ring, was 
used to monitor the temperature of the source. Both y-e and y-y 
correlations were measured while the source remained at a constant 
temperature of 178°K.
To achieve configuration 4 (dry-atmosphere), the system was 
brought to atmospheric pressure by allowing dry nitrogen gas to 
leak in through an Isolation valve at the same time the source 
tendersture was returned to room value by removing the liquid
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nitrogen from the dewar. A y-y correlation was performed with the 
source in this dry but atmospheric pressure environment.
Configuration 5 (wet-atmosphere) involved introducing a small 
vial of water into the source chamber and waiting one day before 
beginning a y-y correlation. To determine the approximate water 
content of the air around the source, a chamber of the same volume 
was equipped with a hygrometer and an identical vial containing the 
same amount of water. The y-y correlation was run with the air in 
the source chamber having an average relative humidity of 70%.
A daily record of the sequence in which these experiments were 
conducted is given in table 4.2.
Table 4.2. Daily history of the measurements
Day Run configuration3^ source
configuration
0 1 2 3 4 5
vacuum 
in out
grounded 
yes no
room
temperature cold
1-4 X X X X
5-14 X X X X
15-31 X X X X
31-34 X X X X
35-59 X X X X
60-60 X X b > X X
61-63 X x b > X X
64-66 X *c> X X
4 )Configuration 0 refers to a set-up or a change in experimental 
..configuration.
^in dry nitrogen atmosphere 
relative humidity 707.
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C. Analysis of Data
The 4 ran diameter source was positioned on the axis of rotation 
of the system (centered) to better than 1 .0% by measuring the 
integral count-rate of the movable detector at various angular 
positions. The source to Si(Li) detector distance was 4 .5 cm; 
the source to fixed NaI(T£) distance was 14 cm; and the source 
to movable Nal(TZ) was 10 cm. The coincidence timing system 
employed the cross-over pickoff technique described in Chapter III. 
The coincidence resolving time (2t) was set at 120 nanoseconds, 
and delay curves were run at various intervals during the 
experiment to check for possible drift from the centroid. The 
maximum measurable drift was 5 ns. With this resolving time and 
a 10 microcurie source, the true-to-chance ratio was 22:1. No 
pulse height restrictions were imposed in the timing system. The 
output logic pulse of the coincidence circuit was used to gate a 
dual-parameter analyzer system (Nuclear Data 50/50) which was 
used to perform all energy analysis, set all energy gates, and 
store all data. The coincident linear signals from each detector 
were analyzed under computer control using programmed gates, 
and only those coincident events which fell within the prescribed 
gates were stored in memory. The movable Nal(TA) detector 
supplied the gate pulses in all correlations. One gate was set 
over the top half of the 1274 keV photopeak, and the background 
gate was set on the flat portion of the compton distribution 
arising from the 1596 keV y-ray. Great care was taken to insure 
that the same portion of the 1274 keV photopeak was included in
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the programmed gate, and Chat no pulses from the 1004 keV transition 
were Included.
In the Y -e measurements, coincidences were recorded at 90f 
135, 180, 225, and 270 degrees relative to the axes of the 
detectors. For the corresponding y-y measurements, data were 
recorded at 90, 135, and 180 degrees. Data storage was done in 
a IK x 4 split memory matrix. A singles sample (ungated 
spectrum) of each detector was taken every 40 seconds and stored 
in the memory. The first of the four groups (gates) and the 
first of the 1024 channels in each group were reserved for storage 
of the singles spectra from each detector. Through a series of 
computer commands the data were corrected for background coincidences 
and then normalized to the appropriate singles count rate. The 
procedure for correcting the data is discussed in Chapter III 
part C. The resulting data were stored on magnetic tape for 
later compilation. The accidental spectra were treated in the same 
manner.
Data from angles 90(270), 135(225), and 180 degrees were read 
from magnetic tape into the memory storage unit and added together 
in three separate groups corresponding to the equivalent angles 
of 90, 135 and 180 degrees. Accidentals were then subtracted 
from each group (gate).
Figures 4.1 (a), (b), (c) show the final form of the data as 
it appears after compilation end subtraction of accidentals.
For convenience, the data Is displayed in a two dimensional form 
Instead of the Isometric display seen in the memory and display
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Figure 4.1(a). Coincidence data on the 1274y ~123K at 180, 135, and 90 degrees
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unit (figure 3.13). The peaks at 90, 135,and 180 degrees 
ordinarily are positioned along groups I, II, and III respectively, 
of the IK x 4 display configuration.
The analysis of the data depends, In general, on the number 
of angles at which the correlation is measured. A two angle 
experiment can yield only one term, that Is, ^ 2 * A three angle 
experiment can yield two terns, and A44* In general, the
correlation can be measured at any given number of angles and the 
A ^  determined by a least squares fit of the data to the equation 
4.4. If independent information is available which indicates 
A44 *= 0 , then a two angle experiment provides sufficient information 
to determine A2 2 * If a two angle experiment is performed with 
0 = 90(270) and 180° then the "anisotropy coefficient", A, is 
computed from:^
.O,N (1 8 0  )  -  N (9 0  )  ( 4 > 9 )
N(90°)
where the N(9) represent the total number of true coincidences
at angle 9 normalized to the product of the single counts. The
experimentally determined correlation coefficient is then given 
47
as:
a 2 2 - 5 3  • <4 - 1 0 >
47
The statistical error in A can be estimated from
77
v/ra <8 >
AA ~   • (4-11)
true
where 6 = 90° or 180°. The N (9) is the sum of the accidentals,
tot
the background, and the true coincidence events at angle 6.
If the highest non-vanishing term appearing in equation 4.4
Is A/|/(, then a three angle experiment will be sufficient to
determine an<* ^4 4 * conven -^ent: *-n a three angle experiment
to measure the correlation at 90°(270°)f 135°(225°) and 180°, as
was done in this work. The coefficients can then be determined
47
from the following equations:
T 10C3A + 4U)
22 ” 7A + 56U + 105
(4.12)
- , 481A - 2U)---
44 7A + 56U + 105
47
where A is defined in equation 4.9 and U is defined as:
„ . N(135°) - Nj90?l  (4a3)
N ( 9 0 ° )
The statistical errors can be calculated from the following 
47expressions
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A A 22
22
5A + 4U 7A + 56U + 105 }
tot 
Ctrue<6>
(4.14)
M 44 ^ f v/T0~ 7 ✓130' X Ctot(6)~ , .
— 1 A - 2U 7A + 56U + 105 i (0)
A44 true
where 0 can be 90°, 135° or 180°.
With the final corrected data In the memory unit, an internal
48
computer program written for the PDP-8/L was then used to 
calculate the anisotropy, A, and the uncorrected directional 
correlation coefficients without requiring further data output 
in any form. A 1 isting of the p r o g r a m  and a sample output is 
given in Appendix 1.
The movable Nal(TX) detector was maintained at a fixed 
distance of 1 0 . 0 cm from the source throughout the series of 
experiments. With the 1274 keV gate held constant in width and 
position on the 1274 photopeak, the solid angle correction factors 
for the Nal(TX) detector viewing the 1274 gate are the same in 
the y~V an<* Y~e correlations. Taking this into account, the 
123 keV particle parameters are then determined from equation 4.8 as:
Q-(123y) A9.(1274Y-123e)
M 123 e) " n M M a l  -  ------------- (4-16)
2  2  A 2 2 < 1 2 7 * y - 1 2 J v )
where e * K, L, and M,
CHAPTER V
INTERNAL CONVERSION COEFFICIENT MEASUREMENTS ON l54Gd
A. Introduction
Since the silicon lithium-drifted detector used in the work
154on particle parameter measurements on Gd had such good energy 
resolution*it was decided to study the internal conversion 
coefficients of the more prominent transitions in this isotope. 
The principle advantage in using the Si(Li) detector over a 
magnetic spectrometer is the data acquisition rate - which is 
several orders of magnitude higher for the Si(Li). This stems 
from the fact that the Sl(Li) can view the entire energy spectrum 
of electrons.
An EO transition has been observed**^ in the decay of ^^4 Gd.
The possibility of observing other EO transitions and EO
contributions to 1^ -» T ? transitions was a source of motivation
to remeasure the energies and intensities of the more prominent 
154transitions in Gd. Unlike the measurements conducted with 
magnetic spectrometers, we were not restricted to small energy 
Intervals in the spectrum and were able to obtain the entire 
spectrum at one time.
B. Measurements 
154The same source of Eu used in the directional correlation 
work described in Chapter IV was used in the accumulation of an
79
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electron spectrum. The Sl(Li) detector-preamplifler and associated 
electronics used in these measurements are shown In block diagram 
form In figure 3.6, The amplifier is a Tennelec TC 200,and the 
ADC is one of the two series Nuclear Data ADC's contained in the 
dual parameter system. The memory storage and display unit is 
the same one described in Chapter III. After some initial 
performance tests, it was determined that the shaping time constants 
of 3.2 microseconds on the first differentiator and integrator 
and 1 millisecond on the second differentiator of the TC200 
amplifier gave optimum energy resolution for electrons. This 
was found to be valid over a detector bias range from 500 to 600 
volts.
The 4 nan diameter source was positioned on the center axis
of the detector at a distance 4.5 cm from the front face. With
the source properly grounded, the vacuum chamber was pumped down
to a pressure of 1 x 10 mm of Hg using the pumping system
described in Chapter III section B. An electron spectrum of the 
154decay of Eu was accumulated for a total of 54 hours.
C. Analysis of Data 
154
The electron spectrum of Eu is shown in figures 5.1 (a) 
and (b). The last portion of the spectrum was overlapped with 
the second for convenience. The K-, L-, and M-shell conversion 
lines for the more prominent transitions are clearly resolved.
The energy resolution of the 123K, 69ZK, and 1004K conversion lines 
are less than 1.7, 2.2, and 2.4 keV (FWHM) respectively. Below 
about 80 keV, the Si(LI) detector is sensitive to low energy
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photons and x-rays which result from filling the vacancies
created in the atomic shells by the conversion process, lie low
about 40 keV electron lines appear to have low energy tails due
to partial scattering from the thin gold covering of the detector
and backscattering in the detector itself.
The relative intensities and energies of the conversion
154electrons emitted in the decay of Eu were determined from the
spectrum accumulated. The results are reported in chapter VI.
The peak locations and peak areas of all the lines in the spectrum
were found by using a computer routine. The program, GAUSS
was written for the analysis of gamma-ray spectra. A visual
inspection of the shape of the peaks was made to determine the
symmetry characteristics. Those lines above 150 keV contained
the desired synsnetry to use the GAUSS program. A description of
the function of the program is given in reference 49. From
49accurately measured energies of prominent gamma-ray lines ii.
154Eu, the K-she11 binding energy of the daughter nucleus was 
subtracted to yield accurate calibration energies for the analysis 
of the electron energies. Table 5.1 lists the calibration energies
154Table 5.1. Calibration Energies Used for Eu Electron Spectrum
E
V %
123.069 ± 0.008 72.830 ± 0.008
247.895 ± 0.024 197.656 ± 0.024
591.714 ± 0.020 541.475 ± 0,020
873.152 ± 0.028 822.913 ± 0.028
996.246 ± 0.031 946.007 ±  0.031
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used in the program. From the gain of the system In keV per
channel and the location of the lines, the program finds the
centroid and the area of each line after subtraction of the
background. From the program listing, the lines were Identified
by trial and error. The procedure was to add to the energy of
the electron line the K-shell binding energy and compare that
with the known nuclear transition energies obtained from the
49gamoa-ray studies of Keller. If no comparison could be
established to within 0.5 keV, the L-shell binding energy
was added to the energy of the electron line and compared to
known transition energies. This procedure was continued for the
M-shell binding energy. If no comparison could be established
based on the addition of K-, L-, or M-shell binding energies to
the electron line energy, then the electron line was tentatively
given the designation EO. The designation 123K, 123L, 123M
refers respectively to the 123 keV K-, L-, and M-conversion
electron lines which have energies of 72.8, 115.2, and 121.5 keV
154respectively. The binding energies used for Gd are listed 
below. Since the energy resolution was insufficient to resolve 
any L component or M  component the average binding energies for 
these two shells Is given
K shell L shell M-shell
- 50.2 7.8 1.5
The GAUSS program furnished the areas under each line - except 
for the 123K and 123L which have to be hand analyzed by a
85
technique similar to the one described In reference 28. Using 
a response function estimated for this energy region and 
unfolding the 123K and 123L peak in accordance with this 
function, the resulting peaks were then Integrated to find the 
electron intensities. An upper limit of 8% uncertainty is 
placed on the intensities derived in this manner. This is 
based on a comparison of straight forward estimation by hand 
analysis and from areas obtained using the computer program.
The relative intensities of the electron lines were obtained 
by dividing these areas by the efficiency, c, for that energy 
taken from the efficiency curve of figure 5.2.
The relative efficiency curve of figure 5.2 was constructed from 
independent electron data taken on the decay of 77 day *^Dy. 
Different detectors were used to find the relative intensities 
of the conversion electrons and the corresponding gamma-rays.
If the conversion coefficient for one transition is known, this 
"standard transition" can be used to normalize the electron 
intensities to those of the gansna-ray Intensities. Then the 
internal conversion coefficient for transition x is
(5.2)
where s denotes the standard trmisltions. Usually some prior
RE
LA
TI
VE
 
EF
FI
C
IE
N
C
Y
1.0
Q9
Q8
0.7
0.6
05
0.4
0.3
0.2
SI(U) 80 m m  X 2mm
550 VOLTS
0.1
200 400 600 800 1000 1200
ENERGY(KEV)
2
Figure 5.2. Relative efficiency curve for 80 mm x 2 nun Si(Li) detector
87
knowledge of the decay scheme allows one to single out the
multipolarity for a particular transition. Hie value of «(s)
can then be found from theory.
The gamna-ray intensities used in equation 5.2 for the
calculation of the internal conversion coefficients are those of 
49
Keller. Normalization of the data was done through the 873 keV
transition which was assumed to be pure E2. The I.C.C. of the
873 keV transition is cr^(873) ■ 3.1 x 10"'* from reference 42.
154Figures 5.3 (a), (b), and (c) show the Eu ganma-ray spectrum
from which were calculated the gamma-ray Intensities used in the
49I.C.C. calculations. Figure 5.4 is a decay scheme constructed 
49
by Keller and used in this work as a guide in the analysis of 
both the directional correlation and the internal conversion 
data.
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CHAPTER VI
RESULTS
A. Particle Parameter Measurements
The results of the particle parameter determinations are
sunmarized in table 6.1. The particle parameter ratios are
presented in table 6.2. The experimental uncertainty associated
with these results, given in parenthesis, apply to the least
significant digits. In the fourth column of table 6.1, "N/D"
refers to the experimental configuration for the y-e correlation
in the numerator and the y-y correlation in the denominator.
For example, the last two entries for the K-, L-, and M-shell
particle parameters were computed using y-e correlation data of
configuration 2 (grounded-vacuun) and the y-y correlation data
of configuration 4 (dry-atmosphere) and configuration 5 (wet-
atmosphere) respectively. The uncertainties listed are based
upon statistics, the true-to-chance ratio, and the magnitude of
47the coincident background. See Chapter IV section C for the 
relevant equations. The ratios of experimental to theoretical 
particle parameters are given in column 7.
The first entry in each correlation listed in table 6.1 
corresponds to an ungrounded source configuration. Apart from 
electrostatic effects, one would expect that G2 2 (Y“®) would 
equal G2 2 ^Y"Y) since the y-e and y-y correlations were run 
together. Since the particle parameters are low In this case, 
it is concluded that the electrostatic effect produced by an
92
154Table 6.1. Results of the particle parameter measurements on the 123 keV transition in Gd.
correlation
source 
conf iguration G22^22 (N/D)a) b f P(E2 )
123X) b2he(E2.123X)b)
, e x p t h e  
2 2
1274y - 123y 1.88
1(ungrounded-vacuum) 0.154 (6) 1/1 1.51 (8 ) 0.80 (4)
2 (grounded-vacuum) 0.201 (6) 2/2 1.91 (9) 1.02 (5)
3(cold-v»cuum) 0.187 (6) 3/3 1.97 (9) 1.05 (5)
2/4 1.89 (9) 1.01 (5)
2/5 1.65 (7) 0.88 (4)
1274y - 123L 1.25
1 (ungrounded-vacuum) 0.120 (8) 1/1 1.17 (9) 0.94 (7)
2 (grounded-vacuum) 0.135 (8 ) 2/2 1.29 (9) 1.03 (7)
3(cold-vacuum) 0.117 (7) 3/3 1.23 (9) 0.98 (7)
2/4 1.27 (9) 1.02 (7)
2/5 1.10 (8 ) 0.88 (6 )
1274y - 123M 1.23
1(ungrounded-vacuum) 0.120 (18) 1/1 1.17 (18) 0.95 (14)
2 (grounded-vacuum) 0.140 (18) 2/2 1.33 (18) 1.08 (15)
3(cold-vacuun) 0.117 (18) 3/3 1.23 (18) 1.00 (15)
2/4 1.32 (18) 1.07 (15)
2/5 1.14 (15) 0.93 (12)
1274y - 123y
1 (ungrounded-vacuum) 0.102 (4)
2 (grounded-vacuum) 0.105 (4)
3(cold-vacuum) 0.095 (4)
4(dry-atmosphere) 0.106 (4)
5(wet-atmosphere) 0.122 (4)
The numerator refers to the y-e correlation coefficient and the denominator to the y-y correlation 
. .coefficient used in the calculation of b„.
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Table 6.2. Ratios of the K-, L-, and M-shell conversion electron
154particle parameters of the 123 keV transition in Gd.
Ratio 1
Configuration
2 3 Theory*
b_K/b L 
2 2
1.28 (14) 1.48 (14) 1.60 (18) 1.50
v. K,. M 
2 2
1.28 (14) 1.44 (14) 1.60 (18) 1.53
v. L,. M 
2 2
1.00 (14) 0.97 (14) 1.00 (18) 1.02
a*Ref. 21.
improperly grounded source will significantly affect the particle 
parameter measurement (at least at these energies). That this 
is an electrostatic effect Is supported by the fact that the 
lower energy K-shell correlation Is attenuated more than the 
L- and M-shell correlations (see also table 6.2), and the fact 
that the corresponding y-y correlation is the same as that for 
a grounded source.
The second entry (configuration 2) corresponds to the usual 
conditions under which y-e correlations are performed; that is, 
with a well grounded source in vac man and at room temperature. 
Since the y-e correlation was run concomitant with the y-y 
correlation, It is expected in this case that G2 2 ^V*e) ” G2 2 Y^ ~Y *^ 
As can be seen from tables 6.1 and 6.2, the particle parameters
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obtained In thla configuration are normal.
The particle parameters are also normal for configuration 3.
In this case the temperature of the source was lowered In order to
decrease the directional correlation attenuation coefficient G ^ .
The result of the lowering of temperature was to take G2 2 (y~y) = 0.42
to a value of 0.38. Since the y-e and y - y  correlations were run
together, however, it can still be assumed that G2 2 (Y_e) “ G2 2 ^ " ^ *
The last two values for the K-, L-, and M-shell correlations
correspond to using the y - e  correlation data of configuration 2 and
the y ^Y correlation data of configuration 4 and configuration 5
to compute the particle parameter. Here one would not aprlorl
expect GjjCy-0) to equal 0 2 2 ^ ^ ) *  but t*ie results are presented
In this manner since the firBt case turns out normal, and the
second represents the manner In which the experiments were
1-3conducted by those reporting anomalous values. The y - y  
attenuation coefficients presented In table 6.3 clearly show the
Table 6.3. Ganma-gamma attenuation coefficients for the different
source configurations.
source 
confIguratIon G2 2 (y-Y)a)
1 (ungrounded-vacuum) 0.41 (2)
2 (grounded-vacuum) 0.42 (2 )
3(cold-vacuum) 0.38 (2)
4 (dry-atmosphere) 0.42 (2 )
5(wet atmosphere) 0.49 (2 )
^Computed assuming A22 “ 0.25 for a 2(1)2(2)0 cascade (ref. 19).
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dependence of the G^(Y*y) on tJie eve liability of water vapor 
since a significant variation in the value of the attenuation 
coefficient is noted for configuration 5, whereas the results for 
configuration 4 and 2 are the same.
B. Internal Conversion Coefficients Measurements
Table 6.4 contains the results of the electron energies and 
intensities obtained in this work. The energies were determined 
in terms of the five accurately known electron energies listed 
in table 5.1. The largest estimated uncertainty in energy is
0.2 keV. Column 3 of table 6.4 lists the calculated intensities
based upon the area of the full electron peak and the efficiency
at that energy. The number in parenthesis represents the
uncertainty in the calculation and applies to the least significant
digits having the same field. Column 4 lists the gamma-ray
Intensities as obtained from reference 49. Column 5 lists the
calculated internal conversion coefficients for the more prominent 
154transitions of Gd. Equation 5.2 along with the electron 
and gamma-ray intensities of column 3 and 4 and the theoretical
1.C.C. for the 873 keV transition were used in the calculation.
The uncertainties in the l.C.C, measurements are due to the 
uncertainties in the electron and ganma-ray intensities. Column
48
6 lists those values of the theoretical l.C.C.'s from table 6.5
which fall within experimental error. Baaed upon a comparison
42of the theoretical l.C.C.'s from table 6.5 the multipole order 
and parity were then assigned and are given in column 7.
Table 6.4. Electron energies, relative intensities, and ganma intensities and internal conversion
coefficients for prominent transitions in Gd.
Energy (keV) Assignment
Intensity
V crxlO3
342
at. xlO theory
a)
(aL)
72.8 123K 10000 100 705 662 E2
197.8 248K 1340 (11 0) 16.44 (56) 82 (7) 81.6 E2
240.1 2481 350 (20) 21 (1) 22.9
394.4 444K 27 (3) 1.42 (10) 19 (2) 15.5 E2
483.9 [534.2K] 28 (3) EO
541.4 591K 35 (2) 11.57 (23) 3.0 (2) 2.89 El
575.5 625K 8.8 (9) 0.73 (4) 12 (1) 12.5
626.2 676K 13.0 (9) 0.311 (86) 40 (12) EOfrE2
630.3 [680.6K] 12 (1) E0
642.1 692K 156 (8 ) 4.09 (8 ) 38 (2) EOfrE2
672.9 723K 88 (5) 46,70 (80) 1.9 (1) 1,84 El
684.0 69 2L 19 (1) 4.6 (3)
690.8 692M 6.50 (8 ) 1.6 (2)
706.5 75 7K 44 (2) 10.41 (26) 4.20 (2) 4.24 E2
714.9 723L 11.30 (8) 0.24 (10)
748,6 75 7L 6.20 (6 ) 0.6 (1)
822.9 873K 83 (4) 29.13 (61) 2.9 (2) 3.11 E2
842.5 892K 3.0 (4) 1.19 (6 ) 2.50 (4) 2.97 E2
864.9 873L 10 (8 ) 0.35 (30)
945.9 996K 58 (3) 25.46 (77) 2.3 (1) 2.35 E2
954.4 1004K 98 (4) 43.98 (114) 2.2 (1 ) 2.31 E2
987.9 996L 6.8 (6 ) 0.27 (10)
996.3 1004L 16 (1) 0.36 (10)
1223.9 1274K 51 (2) 87.11 (199) 0.58 (10) 0.627 El
1265.6 1274L 14 (1) 0.16 (10)
a^The ctL assignments are made by comparison of o with the theoretical values of table 6.5.
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Table 6.5 Theoretical values for ot and or for prominent transitions
lv L
in (ref. 42)
V
orK x 1 03
El E2 Ml M2
123.069 141 662 959 21900
247.895 22.1 81.6 13.8 62.6
444.44 5.27 15.5 2.95 9.71
581.970 2.89 7.84 1.49 4.39
591.714 2.79 7.54 1.44 4.19
625.266 2.49 6.63 1.25 3.58
676.29 2.13 5.52 1.03 2.86
692.402 2.01 5.22 0.972 2.68
723.265 1.84 4.71 0.873 2.37
756.767 1.67 4.24 0.780 2.08
873.152 1.27 3.11 0.552 1.41
892.679 2.97 0.532 1.33
996.246 0.983 2.35 0.402 0.991
1004.703 0.967 2.31 0.394 0.969
1274.418 0.627 1.44 0.224 0.523
or x 
L
1 03
123.069 20.8 416 138 1660
247.895 3.09 22.9 19.6 117
444.44 0.715 2.96 4.13 16.0
581.970 0.389 1.34 2.07 6.91
591.714 0.375 1.28 1.99 6.57
625.266 0.333 1.10 1.73 5.56
676.29 0.281 0.887 1.42 4.39
692.402 0.267 0.831 1.34 4.08
723.265 0.243 0.737 1.19 3.58
873.152 0.166 0.466 0.752 2.08
892.679 0.159 0.442 0.713 1.96
996.246 0.128 0.340 0.544 1.44
1004.703 0.126 0.334 0.533 1.40
1274.418 0.0818 0.201 0.303 0.749
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52Table 6.6 H a t s  the electron Intensities of Brantley for 
comparison with the present work. Only electron energies above 
444 keV are compared. The electron data of table 6.4 was 
renormalized with respect to the 692 keV transition for 
comparative purposes. The results show that for energies below 
692 keV, the intensities of reference 52 are systematically higher 
than the present work , and that for energies greater than 692 keV
154Table 6 .6 . Comparison of electron intensities for Gd.
E^(keV)
*e
Present work Brantley _et al.
444 27 (3) 28 (6 )
534 28 (3) 31 (3)
591 35 (2) 34 (5)
625 8.89 (9) 9.4 (60)
676 13.0 (9) 17.9 (25)
680.6 12 (1) 14 (3)
692 100 100
723 88 (5) 79 (5)
756 44 (2 ) 31 (6 )
873 83 (4) 77.7 (4)
996 58 (3) 57.7 (11)
1004 98 (4) 96.7 (11)
1274 51 (2 ) 45.5 (3)
a)ref. 52.
their intensities are lower than the present work. This indicates the 
relative efficiency curve for the Si(LI) detector (figure 5.2) should 
be re-determined with either more precision per point or more points.
CHAPTER VII 
CONCLUSIONS
Column 5 of table 6.4 lists the results of the internal
154conversion electron measurements in Gd. The l.C.C.'s are in
agreement with theory. A 67. deviation between the measured and 
42
theory values for the 123 keV transition is within acceptable 
experimental limits and confirms the E2 nature of this transition. 
In addition, the 248, 757, 873, 892, 996, and 1004 keV transitions 
were also identified as pure E2 in multlpole character. Three 
El transitions were also confirmed at 591, 723, and 1274 keV.
These assignments were made by comparing the calculated
42conversion coefficients of table 6.4 with the theoretical values
for the various possible multlpole transitions. A total of four
E0 transitions were found. One relatively strong line, 680.6 keV
arises from 0* -• 0+ transitions. The observation of the 534.2 keV
line tends to support the work of Hamilton**0 who reports an E0
transition at 533.6 keV. It should be noted, however, that the
534.2 keV line observed in this work (see figure 5.1 (a))
appears to be a doublet with this value as an average energy.
The two lines are about 2 keV's apart. A higher energy
resolution system is necessary to clarify this problem. The two
other E0 contributions arise from Iff -» Iff transitions. One of
the Be, the 692 keV, stems from a 2 -* 2 transition and has
an E2 admixture since the gamna intensity is significant. The
676 keV line comes from a 4+ -* 4+ transition. The E0 contributions
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are made on the basis of a high l.C.C. measurement. The primary 
purpose for undertaking the l.C.C. measurements was to search
ISA
for EO transitions in the highly deformed Gd using a Si(Li)
detector. Of the four transitions identified, two appear to bn
7T TTpure or nearly pure EO and two are EO contributions to I -* I 
transitions.
The results of this investigation clearly show that even with
an Eu oxide source, the particle parameters of the 123 keV 
154
transition in Gd are in agreement with theory whenever the 
y-e and y-y directional correlations are run concomitantly, and 
that anomalous values can result when the correlations are run 
independently. They also show, within the framework of the 
five configurations discussed here, which experimental conditions 
affect the directional correlation measurements and which do not. 
Since the original purpose of this work was to explain the 
contradictory data for this case, the results of previous measure­
ments for the K-shell are summarized, along with the present 
results, in table 7.1. Note the anomalous yet consistent results 
of refs. 1-3 and the normal results of references 4-6. Although
L-shell particle parameters are not presented in table 7,1, the
K L 1-3available b^ /b^ ratios are normal. This implies that the
anomalous particle parameters of refs. 1 and 3 could not have re­
sulted from inadequate grounding of the source since the 
results of configuration 1 (ungrounded-vacuum) yield anomalous 
values for h ^ f b ^ 1 and ^see table 6 .2 ).
The results of configuration 5 lead us to conclude that
Table 7,1, Sunnary of the K-conversion electron particle parameter measurements on the 123 keV transition 
in l w Gd.
b**^(E2,123K)^ Conditions
G22A22^Y’eK^ G22A22*Y-Y  ^ G 2 2 ^ y ^ A 123K) -gjjj--------- Ref, Source form for y-y
b2 (E2,123K)
0,178 (5) 0.127 (5) 0,51 (2 ) 1.41 (7) 0.75 (5) 1 Eu oxide air
0.185 (5) 0.123 (6 ) 0.49 (2 ) 1.49 (7) 0.79 (4) 2 Eu chloride air
0.195 (5) 0.142 (7) 0.57 (3) 1.37 (7) 0.73 (4) 3 Eu oxide air
0.164 (3) 0.087 (3) 0.35 (1) 1.88 (6) 1.00 (3) 4 Eu oxide c)
0.174 (5) 0.092 (3) 0.37 (2) 1.89 (8 ) 1.01 (4) 5 Eu oxide e)
0.197 (3) 0.107 (3) 0.43 (2) 1.84 (6 ) 0.98 (3) 6 Eu chloride vacuum
0.152 (3) 0.0800(15) 0.32 (1) 1.90 (6) 1.01 (3) 6 Eu oxide vacuum
0.154 (6 ) 0.102 (4) 0.41 (2) 1.51 (9) 0.80 (4) el Eu oxide
ungrounded-vacuum
0.201 (6 ) 0.105 (4) 0,42 (2) 1.91 (9) 1.02 (5) e2
Eu oxide grounded-vacuum
0,187 (6) 0.095 (4) 0.38 (2 ) 1.97 (10) 1.05 (5) e3 Eu oxide
coId-vacuum
0,106 (4) 0.42 (2) 1.89 (9)d) 1.01 (5) e4 Eu oxide dry-atm) sphere
0.122 (4) 0.49 (2 ) 1.65 (7)d) 0.88 (4) e5 Eu oxide wet-atmosphere
a  \
'The attenuation coefficients were calculated assuming 0.25 for a 2(1)2(2)0 cascade (ref. 19). 
^Theoretical value from ref, 21.
o
Conditions not given.
d)
The y-e data used is that of condition 2 (grounded-vacuum).
Present work. Subscripts correspond to experimental configurations.
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the anomalous values obtained by references 1-3 result solely
from the fact that the y - y  correlations were run In air and the
y-e In a vacuum. Such a result Is expected^ for sources in
53
chloride form since Eu chloride is deliquescent; but it had 
been shown^’  ^ that when an Eu oxide source was used, the y - y  
directional correlation did not change when the source was placed
in a vacuum. The resolution of this apparent contradiction lies
53 54in the hydration properties ’ of which introduce a
pressure and time dependence into the directional correlations 
performed in vacuum.
At 20°C each Eu2®3 “olecul© can have associated with it up
54to 4.5 waters of hydration. If E ^ O ^ ^ . S  1^0 is heated, the 
first endothermic effect occurs at 71°C with a loss of 1.5 motes 
of water, the result being H^O. Additional endothermic
effects occur at 370°C and 540°C, and the chemically bound water
o 54is completely removed only by heating at 900 C for 1 hour.
The result of placing such a source under vacuum is that the
amount of hydration, and consequently, the attenuation coefficient
^2 2 * becomes a function of both the ultimate pressure and the
time spent at that pressure. This fact, coupled with the fact
that the extent of hydration is a function of how the source was
originally prepared,is sufficient to explain the confusion which
results when one attempts to make sense out of the y-e and
y - y  results of references 1-6. A plot of b^ (experimental)/
b^ (theory) as a function of G  ^ ( y ^ y )  1® presented in figure 7.1.
It is apparent from figure 7,1 that where 1® low, either
p .&0.8
0.3 0.4 0.8 0.9
Figure 7.1. Normalized particle parameter measurements versus the corresponding G22(1274v-123y)
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because of the way the source was prepared or because the y - y
correlation was done under a good vacuum, the particle parameter
is normal. Conversely, when G^  high* the particle parameters
are anomalous. Obviously, the results of particle parameter
measurements with Eu oxide and Eu chloride sources are a function
of the chemical state of the source and Its environment during
the measurement.
Since the y - y  results of reference 7 yield attenuation
coefficients of 0.45 In air and 0,48 in vacuum, it is concluded
7 5* »3that the pressure * (*Y10 am Hg) and time (8 hours) factor was
not sufficient to cause significant dehydration of the source
and, consequently, It appeared that no vacuum effect existed.
In the case of reference 6 when G^CY^Y) “ 0.37 in air and 0.32
in vacuum, it is probable that no effect would be noted even
in a relatively good vacuum since the source Is obviously not
greatly hydrated to start with.
This pressure-time dependence is supported by the recent
results of Trueblood and Avignone**^ who, using the source of
K L
reference 3, originally obtained anomalous b^ /b^ and
v U 1 fl\
b^ ratios by running the Y “®jj correlation first and the
y-e^ and Y"®^ correlations later. By running for a part of a 
day on each correlation and later compiling the results, they 
were able to obtain normal particle parameter ratios.^ This 
alternate procedure effectively eliminated the pressure-time 
dependence. Further studies of this pressure-time effect 
including measurements at elevated temperatures are planned.
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In light of the results obtained here, it is not possible to
close without conmentlng on the particle parameter of the 122 keV
152 1 3 58 59
transition in Sm. Four results * * * indicate anomalous
K-shell particle parameters (1.65, 1.60, 1.55 and 1.77 versus 1.89
4 5
for theory), and two * indicated agreement with theory. Also,
one set of results^ observed that Eu chloride was hydroscopic,
59
whereas another found this not to be the case. Obviously,
the statements made here concerning the distinct Individuality
of each Eu oxide source also applies to an Eu chloride source as
well. How each source reacts to a particular set of circumstances
Is a strong function of how It was prepared. A question still
152remains, however, In regard to the particle parameter in Sm
V
since reference 59 Indicates that is 6.5 ± 1.57. lower than
theory even when the y-e and y-y correlations are run
simultaneously. This result Is difficult to understand In view
4 5of the fact that two experiments * obtained normal results and
that there is no reason to expect only one out of all the measured
particle parameters of unhindered E2 transitions to be sensitive
to nuclear effects.
The results of this work confirm that the particle parameters
154of the first excited state of Gd are in agreement with theory. 
The long-standing controversy over this particle parameter has 
been resolved. This can only strengthen the status of particle 
parameter measurements as a tool In the arsenal of the nuclear 
spectroscoplst.
REFERENCES
E. F. Zganjar, T. M. George and J. H. Hamilton, Nuclear 
Physics, A114 (1968) 609; J. H. Hamilton, E. F. Zganjar,
T. M. George and W, H. Hibbits, Phys. Rev. betters _14 
(1965) 567.
H. T. Van Krugten, Thesis, Technical University of Delft, 1967. 
H. M. Nasir, Z, W. Grabowski and R. M. Steffen, Phys. Rev.
162 (1967) 1118.
b. Holmberg, V. Steffansson and B. G. Petterson, Nuclear 
Physics, A124 (1969) 445.
K. B. Nielson, N. Rud, J. C. Overgard and H. E. Sorensen, 
Nuclear Physics, A124 (1969) 445.
E. W. Koopman and H. T. Van Krugten, Physica, 4_2 (1969) 262.
W, L. Croft, D. Krmpotic and J. H. Hamilton, International 
Conference on Radioactivity in Nuclear Spectroscopy:
Techniques and Applications, Vanderbilt University, August 
1969, to be published.
L. C. Beidennarn and M. E. Rose, Rev. Modern Phys, 25 (1953) 
729.
H. Frauenfelder, Ann. Reviews of Nuc1ear Science,(Annual 
Review Inc., Stanford, 1953), Vol. 2.
U. Fano, Natl. Bureau of Standards (U.S.) Rept. 1214 (1951).
J. D. Jackson, Classical Electrodynamics, (J. Wiley and 
Sons, New York, 1962).
108
12. M. E. Rose, G. M. Goertzer, B. I. Spinrad, J. Harr and P. 
Strong, Phys. Rev. 83 (1951) 79.
13. M. E. Rose, in Internal Conversion Processes. ed. by J, H.
Hamilton (Academic Press Inc., New York, 1966) Chap. II.
14. M. E. Rose, Internal Conversion Coefficients, (North-Holiand 
Publ. Inc., Amsterdam, 1958).
15. L. A. Sliv and I. M. Band, Coefficient of Internal Conversion
of Ganna Radiation, Part I - K Shell, 1956: Part II - L Shell,
1958, (Phys1co-Tech. Inst., USSR. Issued in U.S. as Reports 
57ICCK1, and 58ICCL1, Physics Dept. Univ. Illinois, Urbana, 
Illinois).
16. D. R. Hamilton, Phys. Rev. 58 (1940) 122.
17. J. W. Gardner, Proc. Phys. Soc. (London) A62 (1949) 763.
18. G. Racah, Phys. Rev, 6 2  (1942) 438.
19. H. W. Taylor and R. McPherson, "Gamma-Ganna Directional
Coefficients A^ and A^ as Functions of the Mixing Ratio,":
H. W. T., University of Toronto, Toronto 5 Ontario R. M., 
McGill University, Montreal, Quebec (1960).
20. A. H. Williams and M. L. Wiedenbeck, Phys. Rev. 78 (1950)
822.
21. R. S. Hager and E . C. Seltzer, Nuclear Data Sheets A4 (1968)
397.
22. J. M. Taylor, fienrf-rpnductor Particle Detectors. (Buttervorth
Inc., Washington D. C., 1963).
23. G. Deamaley and D. C. Northrop, Semi-Conductor Counters for
Nuclear Radiations. (J. Wiley Inc., New York, New York, 1963).
109
24. G. Dearnaley and D. C. Northrop, Semi-Conductor Counters 
for Nuclear Radiations. 2nd ed. (J. Wiley Inc., New York, 
New York, 1966).
25. F. S. Goulding, Nucl. Instr. and Methods 43 (1966) 1.
26. J. M. Hollander, Nucl, Instr. and Methods 43 (1966) 65.
27. J. M. Hollander, In Internal Conversion Processes, ed. by
J. H. Hamilton (Academic Press Inc., New York, 1966) 
Proceedings p. 89.
28. D. F. Boneau, Ph.D. thesis, Iowa State Univ., 1969.
29. U. Fano, Phys. Rev. 72 (1947) 26.
30. Instruction Manual: Models ND161F12 and ND161F10 Analog to 
Digital Converters, Third Revision (Nuclear Data Inc, 
Palatine, Illinois, 1966).
31. H. GullIon, Nucl. Instr. 43, 1 (1966) 240.
32. R. A. Meyer, Phys. Rev. 170. 4 (1968) 1089.
33. R. E. Bell, Alpha- Beta- and Gamma-Ray Spectroscopy ed. by
K. Selgbahn (North-Holland Publishing Co., Amsterdam, 1965), 
p. 905.
34. W. Parker and R. Falk, Nucl. Instr. and Meth., _16 (1962) 355.
35. N. Getoff and H. Bildstein, Nucl. Instr. and Meth., 7£
(1969) 352.
36. W. Parker, H. Bildstein and N. Getoff, Nucl. Instr. and 
Meth., 26 (1964) 55.
37. W. Gordy, W. V. Smith and R. F. Trambarulo, Microwave 
Spectroscopy (J. Wiley and Sons, New York, 1953).
110
38. M. E. Rose, Phys. Rev. 91 (1953) 610.
39. M. J. L. Yetee, In Alpha-. Bet*- end Gemma-Ray Spectroscopy,
ed. by K. Selgbehn (North-Hollend Publishing Co., Amsterdam, 
1965) pp. 1691-1703.
40. A. Abragam and R. V. Pound, Phys. Rev. 92 (1953) 943.
41. H. C. Pauli, Tables of Conversion Coefficients, Purdue
University, Report COO-1420-137 (1967).
42. R. Hager and E, Seltzer, Nuclear Data, vol. 4, 1 and 2 (1968).
43. P .M. Morse and H. Feshback, Methods of Theoretical Physics 
(McGraw Hill, New York, 1953).
44. M. E. Rose, Multlpole Fields (J. Wiley and Sons, New York, 
1955).
45. E. L. Church and J. Wenesser, Phys. Rev. 104 (1956) 1382.
46. K. Karlsson, E. Matthias, and K. Seigbahn, Perturbed Angular
Correlations (North-Holland Publishing Co,, Amsterdam,
1964).
47. F. Genml, E. Heer and P. Scherrer, Helv. Phys. Acta, 29 
(1956) 147.
48. W. J. Blanchard, to be published In Decuscope.
49. G. E. Keller, Ph.D. Thesis, Louisiana State University,
Baton Rouge, La., (1969).
50. M. Putnam, D. H. Gipson, R. G. Heltner, and R. L. Heath,
U.S. ARC Report No. IDO-170116 (1965).
51. R. G. Helmer, R. L. Heath, M. Putnam, and 0. H. Gipson,
Nucl. Instr. and Meth, 57 (1967).46.
Ill
52. W. H. Brantley, J. H. Hamilton, T. Kotoh and E. F. Zganjar,
Nuclear Physics A11B (1968) 677.
53. T. Moeller, The Chemistry of the Lanthanides (ReInhold
Publishing Corp., New York, 1963).
54. N. M. Ambrozlli and L. M. Dvornikova, Russian Journal of
Inorganic Chemistry LI (1966) 46.
55. Private Cottnunlcatlon, J. H. Hamilton.
56. Private Conmunication, F. T. Avignone III.
57. J. H. Trueblood and F. T. Avignone III, Bull. Am. Phys.
Soc. 16 (1971) 539.
58. J. Voss and E. Bodenstedt, Forschungsberlchte des Landes
Nordrbein - Westfalen Nr. 2009, Koln U. Opladen, Westdeutscher 
Verlag, 1969.
59. H. Blumberg, J. Fechner, A. Hammosfahr, P. Herzog, A. Kluge
and J. Voss, Z. Physik 228 (1969) 391.
60. J. H. Hamilton and J. C. Manthuruthil, Nuclear Physics A118
(1968) 6 8 6 .
112
APPENDIX
/ANISOTROPY CALCULATION PROGRAM 
/PG:C05 WJB 8/29/70-- CALCULATES 
/ANISOTROPY AND UNCORRECTED 
/DIRECTIONAL CORRELATION COEFF'S 
/A2 FOR DATA PROFILEI GROUP I *
/90# GROUP 2 -135# GROUP 3 a 180. 
/INPUT START CHANN.# STOP CHANN. AND 
/WIDTH. OVERLAY FOR NUCLEAR DATA 
/SOFTWARE PACKAGE PROGRAM ND40-1042
0316 7 67 5
0360 4201
P2 > 0106 
GPP — 0160 
ICNNL * 0072 
CHC * 0152
SUM * 0134 
SUMH = 0135 
SUML = 0136 
Ml - 0117 
END a 5471 
P3 » 0107 
CHMSK a 0i5i 
AA = 0124 
PI = 0105 
BB = 0124 
AAA a 0032 
BBB a 0035 
XGPCH a007S
4 0316 
7675 
4 0360 
4201
4200
4201
4202
4203
4204
4205
4206
4207 
4210 
421 1
4212
4213
4400 
4467 
4040 
01 16 
1 123 
1 724 
2217 
2031 
4003 
0114 
0325 
1401
4 4200
ICAL3#
BEGN#
4400 
PRINT 
4040 
01 1 6 
1 123 
1 724 
221 7 
2031 
4003 
0114 
0325 
1401
/ANISOTROPY
/CALCULATION
/CRLF
114
42 1 4 241 I
4215 1716
421 6 4744
421 7 0000
4220 4260
4221 4467
4222 4061
4223 4075
422 4 407 1
422 5 6047
4226 4400
4227 4260
4230 4467
4231 4062
4232 4075
42 33 4061
4234 6365
42 3 5 4744
423 6 0000
4237 4260
42 40 4467
4241 4063
4242 407 5
42 43 4061
42 44 7060
42 4 5 4744
4246 4423
42 47 2401
4250 2224
4251 4003
4252 1001
425 3 1616
425 4 0514
425 5 4075
42 5 6 4000
4257 5266
4260 0000
4261 4467
4262 0722
426 3 1725
42 64 2000
4265 5660
42 66 431 7
42 67 3375
4270 4467
4271 4744
4272 2324
427 3 1720
4274 4003
241 1 
1716 
4744
0000
JMS PGROUP 
PRINT
4061 /I 
4075
4 0 7 1
6047
4400
JMS PGROUP 
PRINT /2
4062 
4075 
4061 
6365 
4744 
0000
JMS PGROUP 
PRINT
90
135
/3
/START
/CKANN
4063 
4075 
4061 
7060 
4744 
4423 
2401 
2224 
4003 
1001 
161 6 
0514 
407 5 
4000
JMP CALI
PRINT /GROUP
0722
I V  r>
2 Co 0
JMP I PGROUP
CALI* JMS INC 12 
DCA CHI 
PRINT /
4744 
2324 
I 720 
4003
180
/INPUT
/CHI
STOP
/CHANN
1 0 0 1
1 6t 6
0514
4 0 7  5
4 0 0 0
431 7
3 3 7 6
4 4 6 7
4744
2 7 1  1
0424
1 040
7540
0000
4317
7040
3377
5326
0000
4472
1060
7 6S0
4466
1 152
5 7  17
4467
4744
4400
4470
0 0 1  1
4467
2417
2401
1 447
4403
1001
161 6
0514
0000
4470
0012
4467
6170
6000
4470
0 0 1 0
4467
6163
6 5 0 0
115
INC12#
CAL2*
1001 
1 61 6 
051 4 
4075 
4000
JMS I NCI 2 
DCA CH2 /CH2 
PRINT -/WIDTH 
4744 
271 1
0 42 4
1 040 
7540 
0000
JMS INC12 
CMA
DCA MWDTH 
JMP CAL2
/INPUT
/INPUT WIDTH
0000
JMS I ICNNL /INPUT
TAD Z 60 /CHANN
SNA CLA
ERROR /NO INPUT 
TAD CHC 
JMP I INC 12
PRINT 
4744 
4400 
SPACE 
001 1 
PRINT 
241 7 
2401 
1 447 
4403 
1001 
1 61 6 
051 4 
0000 
SPACE 
0012 
PRINT 
6170 
6000 
SPACE 
0010 
PRINT 
61 63 
6500
/CRLF
/TOTAL
/ 1 8 0
/ 1 3 5
435 6
4357
4360
4361
4362
4363
4364
4365
4366
4367
4370
4371
4372
4373
4374
4375
4376
4377
4400
4401
4402
4403
4404
4405
4406
4407
4410
4411
4412
4413
4414
441 5
441 6
4417
4420
4421
4422
4423
4424
4425
4426
4427
116
4470 
0 0 1 2  
4467 
71 60
0000 
4 4 7 0  
0 0 0 7  
4467 
01 16 
1 123 
1724 
2217 
2031 
0000 
5600
SPACE 
0012 
PRINT 
71 60 
0000 
SPACE 
0 0 0 7  
PRINT 
0116 
1 123 
1724 
2217 
2031 
0000 
JMP I
✓90
✓ANISOTROPY
ICAL3
0000
0000
0000
CH1» 
CH2# 
MWDTH#
0
0
0
* 4400
4465 CAL3* CRLF ✓TRANSFER
7300 CLA CLL ✓INPUT
1746 TAD I ICH1
3347 DCA CHI I
1 7 50 TAD I ICH2
3351 DCA CH2F
1752 TAD I IMWDTH
3353 DCA MWTH
1347 TAD CHI I
3354 DCA CHI IJ
7300 CONGO# CLA CLL
1 106 TAD P2
31 60 DCA GPP ✓INITIALIZE
427 4 JMS WCHAN ✓GROUP
1354 CONGI# TAD CHI IJ ✓RESET
3347 DCA CHI I ✓CNTER
7300 CLA CLL
3134 DCA SUM
3135 DCA SUMH ✓CLEAR
3136 DCA SUML ✓F-SUM
1353 TAD MWTH
3355 DCA MWDTHJ
1347 CONCI# TAD CHI I ✓SUM IN
3017 DCA Z 17 ✓CHANN
CNTER
CHANN
REG.
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4430 1 1 60 TAD GPP /INTERVAL
4431 301 6 DCA Z 16 /WIDTH
4432 4475 JMS I IGPCH
4433 6373 CONN BSF
4434 5233 ■ JMP .-1
4435 6367 SARI
4436 4756 JMS I 1T0TZ
4437 2347 ISZ CHI I
44 40 7000 NOP
4441 2355 ISZ MWDTHJ /FINISH
4442 5226 JMP CONCI /NO
4443 4470 SPACE /YES
4444 0001 0001
4445 431 1 JMS PUTABC /PUT SUM
4446 4757 JMS I IOUTSM /GROUP
4447 7300 CLA CLL
4450 1 160 TAD GPP /NEW
4451 1117 TAD MI /GROUP
4452 7500 SMA
4453 5255 JMP CAL4
4454 5257 JMP CAL5
4455 3160 CAL4* DCA GPP
4456 521 6 JMP CONGI
4457 7300 CAL5* CLA CLL
4460 1 347 TAD C H U
4461 7000 NOP
4462 33S4 DCA CH1IJ
4463 4761 JMS I ICALCU /CALCULATE
4464 7300 CLA CLL /A* A2* U# A4
4465 1354 TAD CH1IJ
4466 7040 CMA
4467 1 351 TAD CH2F
447 0 1353 TAD MWTH
4471 7500 SMA
4472 5212 JMP CONGC
4473 5471 END
447 4 0000 WCHAN* 0 /WRITES CHANN
447 5 7000 NOP
447 6 1354 TAD CHI IJ
4477 331 0 DCA BICHAN
4500 4407 EIM
4501 5306 FGET EXCHAN
4502 0007 BIFP
4503 00 1 4 OUTPUT
4504 0000 FEXT
450 5 5674 JMP I WCHAN
450 6 0027 EXCHAN* 0027
4507 0000 0
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4 5 1 0  0 0 0 0  BICHAN# 0
451 1 0000 PUTABC# 0
4512 7300 CLA CLL /PUT,
4513 1 344 TAD TABC
451 4 3341 DCA ABC
451 5 1 160 TAD GPP
451 6 7450 SNA
451 7 5327 JMP CG
4520 1117 TAD Ml
4521 7450 SNA
4522 5330 JMP BG
452 3 1117 TAD Ml
4524 7450 SNA
4525 5334 JMP AG
4526 7402 HLT
4527 5340 CG# JMP PUTI
4530 1341 BG# TAD ABC
4531 I 107 TAD P3
4532 3341 DCA ABC
4533 5340 JMP PUTI
4534 1341 AG# TAD ABC
4535 1 107 TAD P3
4536 1 107 TAD P3
4537 3341 DCA ABC
4540 4407 PUT I# E1M
4541 6745 ABC# FPUT I IN90
4542 0000 FEXT
4543 571 1 JMP I PUTABC
4544 6745 TABC# FPUT I IN90
45 4S 461 4 IN90# N90
4546 4375 I CHI# CHI
4547 0000 CHI I# 0
4550 4376 ICH2# CH2
4551 0000 CH2F# 0
4552 4377 IMWDTH# MWDTH
4553 0000 MWTH# 0
4554 0000 CH1IJ# 0
4555 0000 MWDTHJ# 0
4556 2552 ITOTZ# 2552
4557 4600 IOUTSM# OUTSM
4560 0006 P6# 0006
4561 4625 ICALCU#
*4600
CALCU
4600 0000 OUTSM# 0 /OUTf
4601 1 160 TAD GPP /SUM
4602 3016 DCA Z 16
/FROM TOTAL 
/IN PROPER 
/GROUP
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4603 1 151 TAD CHMSK
4604 301 7 DCA Z I 7
4605 6373 CONN BSF
4606 5205 JMP .-1
4607 4475 JMS I IGPCH
4610 6367 SARI
461 1 461 3 JMS I ISMOUT
4612 4600 JMS I OUTSM
4613 0671 ISMOUT* 0671
461 4 0000 N90, 0 /TEMPORARY
4615 0000 0 /STROAGE
461 6 0000 0 /OF N90
4617 0000 N135> 0 /N135
4620 0000 0 /AND N 180
4621 0000 0
4622 0000 N180« 0
4623 0000 0
4624 0000 0
4625 0000 CALCIU 0
4626 4470 SPACE
4627 0001 0001
4630 4407 EIM
4631 5222 FGET N 180
4632 2214 FSUB N90
4633 421 4 FDIV N90
4634 6124 FPUT AA /ANISOTROPY
4635 001 4 OUTPUT
4636 0000 FEXT
4637 4465 CRLF
4640 7 40 4 OSR
4641 0105 AND PI
4642 7 650 SNA CLA /IS BIT 11
4643 5625 JMP I CALCU / - 1#N0
4644 4467 PRINT /YES
4645 2540 2540
4646 7500 7500 /U ■
4647 4407 EIM
4650 521 7 FGET N 135
4651 221 4 FSUB N90
4652 4214 FDIV N90
4653 6124 FPUT BB
4654 001 4 OUTPUT
4655 0000 FEXT
4656 4467 PRINT
4657 4001 4001 ✓A2 «
4660 6275 6275
4661 0000 0000
4662 4407 EIM
46 63 5124 FGET AA
4664
466 5
4666
4667
4670
467 1
4672
4673
467 4
467 5
467 6
4677
4700
470 1
4702
4703
4704
4705
4706
47 07
47 10
471 1
4712
4713
47 1 4
47 1 5
4716
471 7
4720
4721
4722
4723
4724
4725
4726
4727
47 30
4731
47 32
47 33
4734
120
3315 FMPY FIVE
6032 FPUT AAA /S*A
5124 FGET D8
3312 FMPY FOUR /4+U
1032 FADD AAA /5*A +4*U
3323 FMPY TEN /10< >
6032 FPUT AAA
5124 FGET AA
3320 FMPY SEVN /7+A
6035 FPUT BBB
5124 FGET BB
3326 FMPY FTYSIX /S6+U
1035 FADD BBB
1331 FADD FI 05 /?*A+56*U+105
6035 FPUT BBB
5032 FGET AAA
4035 FDIV BBB
0014 OUTPUT
0000 FEXT
7000 NOP
4465 CRLF
562 5 JMP 1 CALCU
0003 FOUR# 0003
2000 2000
0000 0000
0003 FIVE# 0003
2400 2400
0000 0000
0003 SEVN# 0003
3400 3400
0000 0000
0004 TEN# 0004
2400 2400
0000 0000
0006 FTYSIX# 0006 
3400 3400
0000 0000
0007 Ft 05# 0007
3220 3220
0000 0000
547 1 END
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* ANISOTROPY CALCULATION
GROUP 1 - 90 
GROUP 2 = 135 
GROUP 3 = 180
START CHANNEL = 228 
STOP CHANNEL * 280 
WIDTH = S3
TOTAL
CHANNEL 180 135 90 ANISOTROPY
228 374101 341678 325762 + 0 . 1483874E+00
U = +0.4885775E-01 A2= +0.8619782E-01
+ ANISOTROPY CALCULATION
GROUP 1 = 90 
GROUP 2 = 135 
GROUP 3 = 180
START CHANNEL ■ 230 
STOP CHANNEL » 280 
WIDTH = 51
TOTAL
CHANNEL 180 135 90 ANISOTROPY
230 367072 334055 318613 +0.1S20935E+00
U = +0.4846632E-01 A2= +0.8773422E-01
* ANISOTROPY CALCULATION
GROUP 1 = 90 
GROUP 2 = 135 
GROUP 3 - 180
START CHANNEL * 232 
STOP CHANNEL s* 280 
WIDTH * 49
VITA
Whitney J. Blanchard, Jr., born on November 22, 1942 
to Gloria L. and Whitney J. Blanchard, Sr., at St. Martinsville, 
Louisiana. He was educated in the parochial and public schools 
of St. Martin and Iberia parishes. Graduated from the University 
of Southwestern Louisiana where he obtained a Bachelor of Science 
degree in physics in 1964. He obtained a Master of Science degree 
in physics from Louisiana State University in 1969. He is 
presently a candidate for the Doctor of Philosophy degree in the 
Department of Physics and Astronomy, Louisiana State University.
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